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Abstract 
Northern freshwater ecosystems provide important habitat and resources which 
support abundant wildlife and waterfowl populations and the traditional lifestyle of many 
First Nation communities. However, concerns have been mounting regarding the effects of 
multiple stressors, including climate change and other human-related activities in these 
regions. In order to understand the consequences of stressors, information on both present 
and past conditions is needed. This thesis addresses knowledge gaps by using a combination 
of contemporary and paleolimnological methods to characterize lake and pond responses to 
different stressors in three northern landscapes. A paleolimnological record in combination 
with aerial images was used to investigate causes of lake-level changes at a lake in the Old 
Crow Flats (OCF). Contemporary measurements were used to identify how hydrological and 
limnological conditions of coastal ponds in Wapusk National Park (WNP) differ seasonally 
and with disturbance from Lesser Snow Geese (LSG). Paleolimnological studies were also 
used in this landscape to determine how hydroecological conditions have changed during the 
past few centuries in response to climate warming and LSG population expansion. At a lake 
in the Slave River Delta (SRD), paleolimnological studies of hydrology and contaminant 
deposition were used to establish baseline concentrations and assess if temporal changes have 
occurred in response to northern industrial development. Together, these studies provide a 
detailed record of environmental changes in response to stressors at three large northern 
freshwater landscapes.  
Recent studies using remote sensing analysis of lake-rich thermokarst landscapes 
have documented evidence of declining lake surface area in response to recent warming. 
However, images alone cannot identify whether these declines are due to increasing 
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frequency of lake drainage events associated with accelerated thermokarst activity or to 
increasing evaporation in response to longer ice-free season duration. In Chapter 2, the 
potential of combining aerial photograph time series with paleolimnological analyses to track 
changes in hydrological conditions of a thermokarst lake in the OCF and to identify their 
causes was explored. Images showed water level in lake OCF 48 declined markedly 
sometime between 1972 and 2001. In a sediment core from OCF 48, complacent 
stratigraphic profiles of several physical, geochemical and biological parameters from ~1874-
1967 indicated hydrolimnological conditions were relatively stable. From ~1967-1989, 
declines in organic matter content, organic carbon isotope values and pigment concentrations 
were interpreted to reflect an increase in supply of minerogenic sediment, and subsequent 
decline in aquatic productivity caused by increased thermo-erosion of shoreline soils. Lake 
expansion was likely caused by increased summer rainfall, as recorded by increased 
cellulose-inferred lake-water oxygen isotope compositions. Stratigraphic trends defining the 
lake expansion phase terminated at ~1989, which likely marks the year when the lake 
drained. Above-average precipitation during the previous year probably raised the lake-level 
and promoted further thermo-erosion of the shoreline soils that caused the lake to drain. 
These are meteorological conditions that have led to other recent lake-drainage events in the 
OCF. Thus, the decline in lake-level evident in the aerial photograph from 2001 is unlikely to 
have been caused by evaporation, but rather is a remnant of a drainage event that took place 
more than a decade earlier. After drainage, the lake began to refill, and most 
paleolimnological parameters approached levels that are similar to those during the stable 
phase. These findings indicated that combined use of aerial images and paleolimnological 
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methods offers much promise for identifying the hydrological consequences of recent 
climatic variations on thermokarst lakes. 
The past ~40 years have seen a geometric increase (5-7% per year) in the Lesser 
Snow Goose (LSG) population (Chen caerulescens caerulescens) and marked spatial 
expansion of the area they inhabit within the coastal fen ecotype of WNP (Hudson Bay 
Lowlands, northern Canada), raising concerns and uncertainty about the environmental 
effects of their activities (grubbing of vegetation, soil disturbance, deposition of feces) on the 
abundant shallow tundra ponds. In Chapter 3, conventional limnological measurements as 
well as water and carbon (C) isotope tracers were used to explore similarities and differences 
in seasonal patterns of hydrological, limnological and biogeochemical conditions of 15 
shallow coastal fen ponds that currently have minimal (if any) disturbance from the LSG 
population with one pond (WAP 20) that is subject to substantial LSG activity. Carbon 
isotope measurements reveal that C cycling at WAP 20 (LSG disturbed site) is markedly 
different compared to the other ponds, whereas only small differences were observed in 
hydrological conditions and concentrations of major nutrients and chlorophyll a of pond 
water. A mid-summer decrease in C isotope composition of dissolved inorganic carbon 
(DIC) occurred at WAP 20, likely as a consequence of high pond-water pH and intense C 
demand by aquatic productivity. These conditions appear to have promoted ‘chemically-
enhanced CO2 invasion’, which causes strong kinetic C isotope fractionation. High C demand 
at WAP 20 is also suggested by mid-summer 
13
C-enrichment in particulate organic matter. In 
contrast, the ponds with little to no LSG activity exhibited expected seasonal C isotope 
behaviour (i.e., 
13
C-enrichment of DIC) under conditions of increasing productivity when C 
is in relatively low demand. Small differences in nutrient concentrations may be due to rapid 
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uptake by the benthic mat at WAP 20. Data from the low disturbance ponds also provide 
baseline information for future studies assessing potential effects of LSG. 
Shallow lakes are dominant features in Subarctic and Arctic landscapes and are 
responsive to multiple stressors, which can lead to rapid changes in limnological regimes 
with consequences for aquatic resources. In Chapter 4, this theme was addressed in the 
coastal tundra region of WNP. Integration of limnological and paleolimnological analyses 
document profound responses of productivity, nutrient cycling and aquatic habitat to 
warming at three ponds (‘WAP 12’, ‘WAP 20’, ‘WAP 21’), and to LSG disturbance at the 
two ponds located in an active nesting area (WAP 20, WAP 21). Based on multi-parameter 
analysis of 
210
Pb-dated sediment records from all three ponds, a regime shift occurred 
between 1875 and 1900 CE marked by a transition from low productivity, turbid, and 
nutrient-poor conditions of the Little Ice Age to conditions of higher productivity, lower 
nitrogen availability, and the development of benthic biofilm habitat as a result of climate 
warming. Beginning in the mid-1970s, sediment records from WAP 20 and WAP 21 reveal a 
second regime shift characterized by accelerated productivity and increased nitrogen 
availability. Coupled with three years of limnological data, results suggest that increased 
productivity at WAP 20 and WAP 21 led to atmospheric CO2 invasion to meet algal 
photosynthetic demand. This limnological regime shift is attributed to an increase in the 
supply of catchment-derived nutrients from the arrival of LSG and their subsequent 
disturbance to the landscape. Collectively, findings discriminate the consequences of 
warming and LSG disturbance on tundra ponds from which we identify a suite of sensitive 
limnological and paleolimnological measures that can be utilized to inform aquatic 
ecosystem monitoring. 
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Growth of natural resource development in northern Canada has raised concerns that 
activities pollute downstream aquatic ecosystems, but insufficient knowledge of pre-
industrial baseline conditions continues to undermine ability of monitoring programs to 
distinguish industrial-derived contaminants from those supplied by natural processes. In 
Chapter 5, a novel paleolimnological approach was used to define pre-development baseline 
concentrations of 13 priority pollutant metals and vanadium and assess temporal changes, 
pathways and sources of these metals at a flood-prone lake in the SRD (NWT, Canada) 
located ~500 km north of Alberta’s oil sands development and ~140 km south of a former 
gold mine at Yellowknife, NWT. Results identify that metal concentrations, normalized to 
lithium concentration, were not elevated in sediments deposited during intervals of high 
flood frequency or low flood frequency since onset of oil sands development (post-1967) 
relative to the 1920-1967 baseline established at the study lake. When compared to a baseline 
for the lower Athabasca River, several metal-Li relations (Cd, Cr, Ni, Zn, V) in post-1967 
sediments delivered by floodwaters appear to plot along a different trajectory, suggesting that 
the Peace and Slave River watersheds are important natural sources of metal deposition at the 
SRD. However, analysis revealed unusually high concentrations of As deposited during the 
1950s, an interval of very low flood frequency, which corresponded with emission history of 
the Giant Mine gold smelter indicating a legacy of far-field atmospheric pollution. Our study 
demonstrates the potential for paleolimnological characterization of baseline conditions and 
detection of pollution in floodplain ecosystems, but that knowledge of paleohydrological 
conditions is important for accurate interpretations. Through the integration of 
paleolimnological and contemporary hydroecological analyses this thesis was able to 
decipher the effects of multiple stressors on water-rich northern landscapes.  
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Chapter 1: Introduction  
 
1.1 General Introduction 
Freshwater resources of Canada’s North are subject to a wide array of environmental 
stressors despite their relatively isolated locations (Rouse et al., 1997; ACIA, 2005; Schindler 
and Smol, 2006; IPCC, 2007). During the past century, the circumpolar North has 
experienced some of the greatest regional climate warming on Earth (IPCC, 2007). Climate 
warming in the North will exert the greatest effects on limnological and biogeochemical 
conditions of wetland landscapes via alteration of hydrological processes, rather than simply 
temperature rise alone (Rouse et al., 1997; Prowse et al., 2006; Schindler and Smol, 2006). 
Climate warming may also have indirect effects on other aspects of northern wetlands such 
as expansion of vegetation (e.g., Tape et al., 2006) and changes in wildlife and waterfowl 
population sizes and distribution (e.g., Luoto et al., 2014). In addition to climate warming, 
many regions in the North are also facing effects of increased human presence due to 
growing northern industrial developments. Understanding the observed and predicted effects 
of multiple environmental stressors on northern environments is particularly important due to 
the dominance and significance of freshwater in many northern landscapes. 
Small ponds and lakes of thermokarstic and deltaic origin occupy a significant portion 
of northern Canada. These landscapes are highly productive and are often considered 
northern ‘oases’ that provide important habitat and resources for abundant wildlife and 
waterfowl, and they support the traditional lifestyle of many indigenous communities. High-
latitude wetlands also play an important role in the global carbon budget, by acting as both 
sinks and sources of carbon dioxide and methane (Griffis et al., 2000; Macrae et al., 2004; 
Walter et al., 2006; Laurion et al., 2010). However, climate warming and environmental 
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change in the Canadian North is predicted to continue to be much more pronounced than in 
temperate locations (ACIA, 2005), and these wetlands are particularly vulnerable to stressors 
due to their high surface area to volume ratios (Rouse et al., 1997; Prowse et al., 2006; 
Schindler and Smol, 2006). Additionally, freshwater ecosystems in the North remain 
amongst the least studied and most poorly understood ecosystems due to the paucity of long-
term monitoring data (Smol, 2002), especially with regards to the biogeochemical and 
ecological conditions of lakes and ponds since the start of anthropogenic-induced changes.  
One of the main overarching concerns in northern freshwater ecosystems is current 
and future water quantity and quality. In the Arctic and Subarctic, key drivers of 
hydroecological change in response to climate warming include variations in the amount and 
duration of snow and ice cover, thaw season evaporation-to-precipitation ratios, glacier melt 
and permafrost thaw, proportions of rain- and snow-fall and carbon cycling (Rouse et al., 
1997; Prowse et al., 2006; Schindler and Smol, 2006). Recent studies have begun to examine 
the responses of freshwater ecosystems to these changes throughout the North including 
locations in Alaska (e.g., Yoshikawa and Hinzman, 2003; Hinkel et al., 2005; Riordan et al., 
2006), Siberia (e.g., Smith et al., 2005), Nunavut (e.g., Smol and Douglas, 2007), Yukon 
Territory (e.g., Labrecque et al., 2009, Turner et al., 2010; Bouchard et al. 2013), Hudson 
Bay Lowlands (e.g., Bouchard et al., 2013; Rühland et al., 2013) and Northwest Territories 
(Brock et al., 2010). To date, studies have shown that Arctic thermokarst landscapes are 
becoming increasingly dynamic, with the rate of lake expansion increasing in some locations 
and lake-water levels declining in other regions (Yoshikawa and Hinzman, 2003; Smith et 
al., 2005; Riordan et al., 2006; Plug et al., 2008; Labrecque et al., 2009; Pohl et al., 2009). 
Studies in northern deltas have shown that climate change has resulted in increasing rates of 
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retrogressive thaw slumps (e.g., Lantz and Kokelj, 2008) and changes in flood frequency 
(Slave River Delta; Brock et al., 2010). Many ponds and lakes have also shown an increase 
in lake productivity, and a shift in water chemistry and diatom community composition in 
response to increased ice-free season duration and lake evaporation (e.g., Douglas et al., 
1994; Rühland et al., 2003; Antoniades et al., 2005; Rühland and Smol, 2005). Although, the 
majority of studies provide evidence to indicate that the Arctic is changing in response to 
climate warming, regions display different spatial and temporal responses (e.g., Douglas and 
Smol, 1999; Serreze et al., 2000; Smol et al., 2005; Rühland et al., 2013). Most existing data 
sets are not comprehensive enough, neither spatially nor temporally, to fully understand how 
hydroecological and biogeochemical conditions have responded and will continue to respond 
to climate change, especially in the context of multiple, interacting stressors. 
Concerns are also mounting regarding the environmental consequences of changes in 
wildlife and waterfowl population size and geographic distributions. These population 
expansions can act as a stressor and alter the structure and function of Arctic freshwater 
ecosystems by causing eutrophication via changes in nutrient sources and cycling, and 
vegetation and available habitat (e.g., Sorvari et al. 2002; Bayley and Prather 2003; Beisner 
et al. 2003; Rühland et al. 2003; Gregory-Eves et al. 2004; Smol et al. 2005; Smol and 
Douglas 2007; Côté et al. 2010). To date, limnological and paleolimnological studies of the 
effects of waterfowl populations in the Arctic have found varying degrees of disturbance 
with most showing some degree of change in productivity and traditional nutrient 
concentration in lakes where waterfowl are present (e.g., Michelutti et al., 2009; 2010; 
Keatley et al., 2009; 2011; Côté et al., 2010; Sun et al., 2013). These studies have mainly 
relied on more conventional styles of limnological sampling where concentrations of major 
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nutrients (mainly N and P) in the water column are examined on a single sampling trip or 
where paleolimnological analyses include mainly ‘traditional’ proxies (e.g., organic matter 
content, diatom community composition). Yet little research has been conducted on how 
waterfowl may influence biogeochemical cycles, particularly carbon cycling, and how 
conditions may change seasonally. Additional supplies of nutrients from waterfowl 
disturbance have the potential to increase productivity and alter the role of lakes and ponds as 
sources or sinks of carbon. This information is especially important as northern freshwater 
ecosystems play a significant role in the global carbon cycle. Furthermore, few studies have 
comprehensively examined the dual effects of climate warming and waterfowl expansion, 
knowledge required to assess ecosystem integrity of northern wetlands.  
Exacerbating these threats to northern freshwater ecosystems is the ever increasing 
industrial development in the North. Resource development in the North, especially mining 
and processing of metals and hydrocarbons, has increased rapidly during the past several 
decades, and it is predicted to continue to expand during the next decade (Schindler 2010; 
The Conference Board of Canada, 2013). Industrial developments have the potential to affect 
human and environmental health in northern regions via release of heavy metals, polycyclic 
aromatic compounds (PACs), radioactive materials and human wastes. For example, studies 
assessing pollution from the Alberta oil sands have documented evidence of heavy metal and 
PAC contamination within a 50-km radius of the bitumen-upgrader facilities (Timoney and 
Lee, 2009; Kelly et al., 2009; 2010). In the Northwest Territories, increased concentrations of 
heavy metals have been documented in close proximity to different mines. For example, 
elevated concentrations of As have been reported in Yellowknife due to nearby Giant Mine 
(e.g., Hutchinson et al., 1982; Bromstad, 2011; Galloway, 2012), and increased 
5 
 
concentrations of a variety of metals have been reported in the Nahanni watershed due to 
nearby North American Tungsten Mine (e.g., Thomas et al., 2013). In most cases, less is 
known about fluvial and atmospheric transport of these contaminants to more distant 
locations. Consequently, these site-specific results have left many communities with 
questions and concerns regarding the long-range transport of contaminants and the effects on 
local water quality. However, many of these northern freshwater ecosystems are also located 
in areas that have abundant natural deposits of metals and other contaminants (e.g., Hall et 
al., 2012; Wiklund et al., 2014). Unfortunately, monitoring programs are not often initiated 
until well after resource development has already begun, which complicates our ability to 
distinguish between the natural and anthropogenic sources of contaminants. This information 
is critical for fully understanding the effects of industrial development in the North and 
creating management plans which can effectively distinguish sources of contaminants.  
 In order to adequately anticipate future environmental (hydrological, limnological 
and biogeochemical) changes in northern freshwater ecosystems, information on both present 
and past environmental conditions is required. As identified above, there are research gaps 
that require new knowledge on both of these timescales to fully assess the effects of climate 
warming, waterfowl population expansion and industrial development in the North. To 
address these issues, this thesis focuses on three large northern freshwater landscapes (Old 
Crow Flats, Yukon; western Hudson Bay Lowlands, northern Manitoba; Slave River Delta, 
NWT) with the objectives: 
1) To evaluate the potential of using multi-proxy paleolimnological analyses to 
refine understanding of hydrological and ecological changes in thermokarst lakes 
in the Old Crow Flats (Yukon Territory) beyond information provided by aerial 
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photographs, and to identify the hydrological processes responsible for the 
observed changes. 
2) To identify how hydroecological conditions of coastal ponds in Wapusk National 
Park (western Hudson Bay Lowlands, Manitoba) differ seasonally and with 
disturbance from Lesser Snow Geese. And, to determine what processes control 
the observed changes in nutrient balance. 
3) To determine how hydroecological conditions have changed in Wapusk National 
Park (western Hudson Bay Lowlands, Manitoba) during the past few centuries in 
response to multiple stressors (i.e., climate warming, LSG population expansion). 
4) To establish baseline concentrations of metal deposition and assess if temporal 
changes have occurred at a flood-prone lake in the Slave River Delta, Northwest 
Territories in response to northern industrial development. 
 
1.2 Research Approach 
 As identified above, insufficient knowledge of baseline conditions challenges our 
ability to effectively identify responses to different environmental disturbances. 
Paleolimnological studies examine the physical, biological and chemical information 
recorded in lake sediments and they provide a continuous long-term record that can be used 
to identify environmental changes when long-term monitoring data is unavailable or 
insufficient (e.g., Smol, 2002). Paleolimnological analyses have been used successfully in 
northern lakes to determine the effects of past climatic changes on hydrology and limnology 
(e.g., Douglas and Smol, 1999; Smol et al, 2005; Sokal et al., 2008; Brock et al., 2010; Wolfe 
et al., 2011a), identify disturbances from waterfowl (Michelutti et al., 2009; 2010; Keatley et 
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al., 2011; Sun et al., 2013) and assess pollution from industrial sources (e.g., Hall et al., 
2012; Wiklund et al., 2012; 2014; Kurek et al., 2013). These long-term data sets have proven 
to be useful in the locations used, but the approaches are also needed to determine the effects 
of stressors in other understudied regions. In addition, many of these studies have focussed 
on the more traditional indicators of environmental change such as studies of diatom 
community composition. Although useful, there are other methods that combine the use of 
contemporary hydroecological and paleolimnological data that also may be of value to 
reconstruct past conditions and examine the effects of different stressors. To address the 
knowledge gaps outlined above, this thesis uses innovative methods, which combine multi-
proxy paleolimnological data with other contemporary sources of data to develop new 
understanding of the effects of different stressors in several northern freshwater ecosystems. 
These data will provide frameworks for natural resource managers to evaluate further 
changes against and anticipate future trajectories within the context of continued climate 
change and landscape disturbance.  This thesis focuses on three large northern wetland 
landscapes where scientific research is needed and management issues are growing regarding 
deleterious effects of several stressors. In each location, the research was performed to 
address important scientific questions in partnership with local government organizations or 
community members with an aim to provide new information about the effects of landscape 
disturbances on freshwater ecosystems. It is hoped that the information will be used to guide 
future research, policy development and stewardship decisions.  
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Old Crow Flats, Yukon 
The Old Crow Flats (OCF) is a large (5600 km
2
) wetland, situated ~55 km north of 
the village of Old Crow in northern Yukon Territory (Figure 1.1). The OCF is recognized as 
a Wetland of International Importance by the Ramsar Convention due to its cultural and 
ecological significance of providing habitat for wildlife and waterfowl, which support the 
local First Nation (Vuntut Gwitchin) community’s traditional lifestyle. This low-relief 
landscape is dynamic due to active thermokarst processes and contains over 2700 shallow 
thermokarst lakes (Lauriol et al., 2002). In recent decades, local community members have 
begun to express concerns over changes in the landscape in response to climate warming. 
Community concerns include fluctuating lake and river levels, unpredictable weather patterns 
and expansion of shrub vegetation (ABEK Co-op, 2007). To address these concerns, a large 
multi-disciplinary project involving both the local community and researchers was begun, 
funded by the Government of Canada International Polar Year (Yeendoo Nanh Nakhweenjit 
K’atr’ahanahtyaa; Wolfe et al., 2011b).  
Tree-ring studies in the OCF indicate increased temperatures during the past few 
decades when compared to the past 300 years (Porter et al., 2010) and remote sensing images 
and visual observations confirm fluctuating water levels (Wolfe and Turner, 2008; Labrecque 
et al., 2009). Contemporary, landscape-scale hydrological studies show that different lakes 
and areas of the OCF are dominated by different hydrologic controls (e.g., precipitation 
inputs or evaporation) largely due to variations in catchment features and vegetation cover 
(Turner et al., 2010; 2014).  However, further research is required to determine natural 
variations of thermokarst activity and provide information to help distinguish the processes 
responsible for changes in water levels and limnological conditions, as needed to better 
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predict future trajectories. Lakes in this region may show declining water levels from 
draining due to increased precipitation and overfill, or from drying due to increased 
evaporation. Knowledge of the potential consequence of a warming climate on water levels is 
particularly important, as this will affect the community’s ability to travel safely to traditional 
hunting and trapping grounds (Tetlichi, 2007; Wolfe et al., 2011b). Chapter 2 examines the 
use of sediment cores from thermokarst lakes combined with aerial photographs to track 
hydrological responses (i.e., declining water levels) of lakes to climate warming. 
 
Western Hudson Bay Lowlands, Manitoba 
The western Hudson Bay Lowlands (HBL) is a large Subarctic wetland, which 
contains over 10,000 shallow ponds and thermokarst lakes (Figure 1.2; 1.3). This low relief 
landscape (<200m above sea level) extends approximately 475,000 km
2
 between the latitudes 
of 51° and 65° North (Rouse, 1991; Griffis et al., 2000). The HBL is located in a ‘hotspot’ of 
climate warming and has experienced some of the greatest increases in summer temperature 
during the last 50 years (Chapin et al., 2005). In terms of hydrology and ecology, the HBL is 
a particularly dynamic, sensitive and diverse region, because it spans the boundary between 
discontinuous and continuous permafrost and the treeline (Rouse, 1991; Duguay and Lafleur, 
2003). This feature makes it one of the most sensitive regions in northern Canada to 
permafrost thaw (Smith and Burgess, 2004). Permafrost that underlies the HBL impedes the 
infiltration of surface water, and consequently, water pools on the surface creating thousands 
of lakes, ponds and vast wetlands. The lakes and ponds are formed from a variety of 
processes including thermokarst activity and isostatic rebound. For the latter process, ponds 
are formed in low areas between beach ridges (Klinger and Short, 1996; Lambert et al., 
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2001). Wapusk National Park (WNP; 11,475 km
2
) was established in 1996 to protect a 
representative section of the western HBL.  
During the past ~40 years, rapid increases in the Lesser Snow Goose (LSG) 
population size and geographic range of their nesting and feeding grounds have resulted in 
substantial disturbance to the coastal landscape of WNP (e.g., Batt et al., 1997; Iacobelli and 
Jefferies, 1991; Handa et al., 2002; Jefferies et al., 2004; Abraham et al., 2005ab, Jefferies et 
al., 2006). Areas with the highest population density have experienced extensive grubbing 
and vegetation loss, increased lake turbidity and large deposits of goose feces. Other areas 
within the Coastal Fen ecotype remain relatively undisturbed. Climate models predict that 
there will be continued high rates of warming in the HBL, because decreases in the duration 
of sea-ice on Hudson Bay are forecast to cause earlier onset of spring melt, increase the 
duration of the ice-free period, and reduce extreme winter temperatures in adjacent 
landscapes (Gagnon and Gough, 2005). Large increases in mean annual air temperature are 
predicted by the 21
st
 century, and the area is also forecast to experience increased 
precipitation and evaporation rates during the summer (Gagnon and Gough, 2005; Macrae et 
al., 2014). Previous studies on the ponds of the western HBL near Churchill, Manitoba and 
within WNP have indicated diverse hydrological conditions and responses to climate 
warming (Macrae et al., 2004; Light, 2011; Wolfe et al., 2011; Bouchard et al., 2013). These 
characteristics of the HBL make it especially crucial to understand the hydrolimnological and 
biogeochemical responses of aquatic ecosystems in this landscape to climate warming and 
waterfowl disturbance in order to predict how they will respond to future disturbances. 
Chapters 3 and 4 use the combination of contemporary and paleolimnological methods 
(including a newer method in Arctic lakes and ponds - carbon isotopes) to examine the 
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influence of LSG and climate warming on limnological conditions and carbon cycling of 
coastal fen ponds.  
 
Slave River Delta, Northwest Territories 
The Slave River Delta (SRD) is a large (400 km
2
) northern floodplain landscape 
located in the Northwest Territories (NWT) where the Slave River enters Great Slave Lake 
(Brock et al., 2007; Figure 1.4). The SRD provides important habitat for wildlife and 
waterfowl that help support the mainly First Nation community of Fort Resolution (English 
et al., 1997; Brock et al., 2010). The Slave River’s flow originates from the Peace River 
(~2/3) and the Athabasca River and its tributaries (~1/3). The SRD is a dynamic landscape 
where ice-jam flooding can occur and the delta contains many shallow lakes spanning broad 
hydrological gradients (Brock et al., 2007). Previous work in the area has focused on the 
relative importance of different hydrological processes (i.e., flooding and evaporation) on the 
water balances and limnological conditions of lakes and has also identified previous intervals 
of both high and low flood frequency during the past century (Brock et al., 2007; 2010; Sokal 
et al., 2008) – research that was driven mainly by concerns over the potential effects of the 
WAC Bennett Dam on the Peace River (Wolfe et al. 2007). Knowledge of these 
hydroecological controls and changes over time is important for understanding and providing 
context for other landscape disturbances. 
Recent studies assessing pollution from the Alberta oil sands have documented 
evidence of atmospheric deposition of heavy metal and PAC contamination within a 50-km 
radius of the bitumen-upgrader facilities and suggest that effects may extend even farther 
(Timoney and Lee, 2009; Kelly et al., 2009; 2010; Kurek et al., 2013). These published 
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findings, and ensuing media attention, have left many communities, including Fort 
Resolution which is located ~550 km downstream of the Alberta oil sands, with questions 
and concerns regarding the long-range transport of contaminants and the effects on local 
water quality and human health (Campbell and Sprtizer 2007; Wesche 2007; 2009). This 
prompted the Slave River and Delta Partnership to assess community concerns regarding the 
potential effects of oil sands mining activities. However, the Northwest Territories are and 
have been an area of extensive mining. Therefore, the potential for additional sources of 
heavy metal contamination does exist. For example, arsenic (As) contamination has been 
reported near Yellowknife, NWT, since the 1950s due to gold smelting at nearby Giant Mine 
(e.g., Hocking et al., 1978). Unfortunately, current monitoring programs were initiated well 
after development began and were not designed to identify long-term trends in contaminant 
deposition. Additionally, in this region, metals can be derived from both anthropogenic and 
natural sources, as areas exist that are naturally metal-rich and rivers and their tributaries 
flow through these deposits. Therefore, to accurately identify industrially enhanced 
contaminant loads, knowledge of natural metal deposition is required. Chapter 5 establishes 
pre-industrial baseline concentrations of heavy metals and examines the relative roles of 
atmospheric and fluvial transport of metals to the SRD by taking into account past 
hydrological changes. This allows the accurate assessment of temporal changes in metal 
concentrations in response to different northern industrial developments while taking into 
account natural variability. 
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1.3 Thesis Description and Contributions of Others 
In addition to this Introduction, the thesis contains four ‘data chapters’ that report 
results of original research in the format of journal articles, followed by a final chapter that 
provides a synthesis and recommendations for future studies, and appendices. Due to the 
collaborative and multi-disciplinary approach used to conduct research for this thesis, the 
manuscripts are multi-authored, for which I am the lead author. Below is the outline of the 
four different data chapters, their publication status and the contributions made by others.  
 
Chapter 2: MacDonald LA, Turner KW, Balasubramaniam AM, Wolfe BB, Hall RI, 
Sweetman JN. 2012. Tracking hydrological responses of a thermokarst lake in the Old Crow 
Flats (Yukon Territory, Canada) to recent climate variability using aerial photographs and 
paleolimnological methods. Hydrological Processes, 26: 117-129.  
 
Chapter 2 used the combination of aerial images and multi-proxy paleolimnological 
analyses to assess water level changes at a thermokarst lake in the OCF.  To date, most 
research on changing water levels in thermokarst lakes has relied on remote sensing images. 
This has allowed large landscapes to be analyzed without the logistical constraints and costs 
of remote field work in the Arctic. However, these images only represent snapshots in time 
and can’t accurately distinguish the processes responsible for the water level changes (e.g., is 
a dried up lake basin due to lake drainage or evaporation). In addition, although much 
paleolimnological work has been done in the Arctic, less has been done on thermokarst lakes 
and it has remained uncertain if they can preserve coherent records of past changes, due to 
the shallow depth and dynamic sedimentary environment.  This chapter builds on previous 
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studies by assessing the use of multi-proxy paleolimnological analyses from a thermokarst 
lake to refine understanding of hydrological changes apparent in aerial photographs and 
identify processes responsible for the observed water level decline. Findings from this 
chapter identified four hydrological phases, including a rapid drainage event, which are 
consistent with a thermokarst lake expansion-drainage cycle. The results illustrate the 
promise of the combined approach of aerial images and paleolimnological methods for 
identifying hydrological consequences of climate warming. Additionally, hypotheses on the 
expected stratigraphic profiles of paleolimnological proxies are presented for lakes that have 
experienced water level declines due to rapid drainage versus evaporative drawdown.  
 
Idea and planning: Kevin Turner, Lauren MacDonald, Brent Wolfe and Roland Hall 
Field work: Kevin Turner, Ann Balasubramaniam and Lauren MacDonald 
Laboratory analyses: Lauren MacDonald except water chemistry analyses which were 
submitted to NLET (Environment Canada’s National Laboratory for Environmental Testing; 
Burlington ON) and chronological analyses by Johan Wiklund 
Data analysis: Lauren MacDonald 
Figures: Lauren MacDonald and Kevin Turner 
Writing: Lauren MacDonald with comments and contributions to text in subsequent drafts by 
Brent Wolfe, Roland Hall, Kevin Turner and Jon Sweetman 
 
Chapter 3: MacDonald LA, Farquharson N, Hall RI, Wolfe BB, Macrae ML, Sweetman JN. 
2014. Avian-driven modification of seasonal carbon cycling at a tundra pond in the Hudson 
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Bay Lowlands (northern Manitoba, Canada). Arctic, Antarctic and Alpine Research, 46: 206-
217 (special issue on Environmental Change in the Hudson and James Bay Region, Canada). 
 
Chapter 3 used contemporary assessments of conventional limnological 
measurements as well as carbon isotope tracers to compare seasonal changes in trophic status 
and carbon cycling between one highly LSG-disturbed pond and 15 ponds that did not have 
visual evidence of LSG disturbance in WNP. In the past, limnological studies in Arctic and 
Subarctic locations of waterfowl disturbance have focused on assessing changes of 
conventional limnological characteristics (mainly P and N concentrations) in the water 
column at one single point in time. Carbon isotope tracers have been used successfully in 
temperate locations to assess productivity and track carbon cycling but have yet to be used in 
the Arctic and may be particularly important here due to the large role Arctic wetlands have 
in carbon cycling. This chapter builds on previous studies by using carbon isotope tracers in 
addition to conventional limnological measurements to compare seasonal changes. Findings 
illustrate marked differences in seasonal carbon cycling between the LSG disturbed pond and 
the 15 low disturbance ponds, whereas only small differences in conventional water 
chemistry variables were observed. This is important information for future study designs by 
land managers in determining how LSG populations may alter pond ecosystems. 
Additionally, data from the low disturbance ponds also provide baseline information for 
further studies as the LSG population may eventually expand to this area. 
 
Idea and planning: Lauren MacDonald, Jon Sweetman, Brent Wolfe, Roland Hall and Merrin 
Macrae  
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Field work: Lauren MacDonald, Nicole Farquharson, Brent Wolfe, Roland Hall, Jon 
Sweetman and Merrin Macrae 
Laboratory analyses: Lauren MacDonald except water chemistry analyses which were 
submitted to NLET (Environment Canada’s National Laboratory for Environmental Testing; 
Burlington ON) and the University of Waterloo Biogeochemistry Lab, and isotope analyses 
which were submitted to the University of Waterloo Environmental Isotope Laboratory  
Data analysis: Lauren MacDonald 
Figures: Lauren MacDonald and Nicole Farquharson (map) 
Writing: Lauren MacDonald with comments and contributions to text in subsequent drafts by 
Brent Wolfe, Roland Hall, Merrin Macrae and Jon Sweetman 
 
Chapter 4: MacDonald LA, Farquharson N, Merritt G, Fooks S, Medeiros AS, Hall RI, 
Wolfe BB, Macrae ML, Sweetman JN. 2015. Limnological regime shifts caused by climate 
warming and Lesser Snow Goose population expansion in the western Hudson Bay 
Lowlands (Manitoba, Canada). Ecology and Evolution, 5(4): 921-939.  
 
Chapter 4 used the combination of contemporary and multi-proxy paleolimnological 
analyses to identify regime shifts in response to climate warming and the LSG population 
expansion in WNP. Many northern regions are under the influence of both climate warming 
and waterfowl expansions. However, few studies have extensively examined and 
discriminated the ecosystem responses due to each stressor. Prior limnological research in the 
WNP area, including Chapter 3 of this thesis, has largely focused on short-term 
investigations, but sediment records may also provide a useful long temporal perspective of 
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shifting limnological conditions in response to both of these stressors. Chapter 4 builds on 
the results of Chapter 3 by combining both contemporary measurements of conventional 
water chemistry and carbon isotope composition of dissolved inorganic carbon and 
particulate organic carbon with paleolimnological analyses of a suite of indicators, including 
carbon isotope composition of organic matter from three lakes in WNP. Analyses of 
sediment cores from the three lakes (two are ponds in areas actively disturbed by the LSG 
and one is in a non-disturbed area) allowed us to identify limnological regime shifts at all 
three ponds in response to climate changes, whereas limnological regime shifts from LSG 
disturbance were only noted at the two ponds located in active nesting areas. Findings from 
this chapter demonstrate the use of combined contemporary and paleolimnological studies in 
identifying regime shifts and provide a suite of pond responses and key indicators that most 
effectively define each limnological regime.  
 
Idea and planning: Lauren MacDonald, Jon Sweetman, Brent Wolfe and Roland Hall 
Field work: Lauren MacDonald, Nicole Farquharson, Brent Wolfe, Roland Hall, Jon 
Sweetman and Merrin Macrae 
Laboratory analyses: Lauren MacDonald except water chemistry analyses which were 
submitted to NLET (Environment Canada’s National Laboratory for Environmental Testing; 
Burlington ON) and the University of Waterloo Biogeochemistry Lab, isotope analyses 
which were submitted to the University of Waterloo Environmental Isotope Laboratory and 
chronological analyses by Johan Wiklund. In addition, Lauren MacDonald supervised two 
undergrad theses (Gillian Merritt and Sam Fooks) who provided diatom counts for two of the 
sediment cores. 
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Data analysis: Lauren MacDonald and Andrew Medeiros (breakpoint analysis) 
Figures: Lauren MacDonald and Nicole Farquharson (map) 
Writing: Lauren MacDonald with comments and contributions to text in subsequent drafts by 
Brent Wolfe, Roland Hall, Andrew Medeiros, Merrin Macrae and Jon Sweetman 
 
Chapter 5: MacDonald LA, Wiklund JA, Elmes MC, Wolfe BB, Hall RI. In Review at 
Science of the Total Environment. Paleolimnological assessment of riverine and atmospheric 
pathways and sources of metal deposition in a floodplain lake (Slave River Delta, Northwest 
Territories, Canada) 
 
Chapter 5 used a sediment record from a lake in the SRD with a known flood history 
and hydroecological conditions to reconstruct the deposition of heavy metals from fluvial and 
atmospheric processes. The local community had expressed concerns of pollution from 
downstream Alberta oil sands mining activities, however, other potential sources of 
contaminants exist such as gold mining activities in the NWT. Additionally, no pre-industrial 
monitoring data exists in this area, which makes it difficult if not impossible to distinguish 
contaminants supplied by industrial sources from those supplied by natural processes acting 
within the watershed. This makes knowledge of baseline pollutant concentrations even more 
critical for stressor studies in this area. In this chapter, methods developed by Wiklund et al. 
(2014) that took into account natural variations in grain size due to changes in hydrology 
were used to define pre-development baseline conditions of metal deposition for a lake in the 
SRD. Post-development concentrations were then compared against the baseline and 
assessed for industrial enhancement of metals from both the Alberta oil sands and Giant 
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Mine. Findings from this chapter illustrate that normalized metal concentrations were not 
elevated in post-oil sands stratigraphic samples compared to the baseline. However, there 
was enhancement of As in the ~1950s, the timing of which is consistent with atmospheric 
emissions from gold smelting at Giant Mine. Results demonstrate the potential for the use of 
floodplain lake sediments to develop baselines and assess pollution in contaminant studies, 
but that paleohydrological conditions need to be included for accurate results.  
 
Idea and planning: Roland Hall and Brent Wolfe 
Field work: Roland Hall, Brent Wolfe, Johan Wiklund, Matthew Elmes 
Laboratory analyses: Johan Wiklund and Matthew Elmes. Sediment samples were submitted 
for heavy metal analysis to ALS Canada Ltd. (Edmonton Alberta). 
Data analysis: Lauren MacDonald  
Figures: Lauren MacDonald and Pam Schaus (map) 
Writing: Lauren MacDonald with comments and contributions to text in subsequent drafts by 
Brent Wolfe, Roland Hall and Johan Wiklund 
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1.4 Figures 
 
Figure 1.1: Location of the Old Crow Flats (OCF), Yukon Territory, Canada.  Details of the 
sediment coring site (OCF 48) shown with SPOT satellite image from July, 2007. Labels 6, 
19 and 22 are locations of photographs from Figure 2.2 (Chapter 2). From MacDonald et al. 
(2012). 
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Figure 1.2: Location of Wapusk National Park (Manitoba, Canada) and the distribution of the 
16 ponds studied in Chapter 3. Sampled pond ‘20’ (referred to as WAP 20 in the text) is 
situated in an area of high disturbance by Lesser Snow Geese. Grey regions in the four panels 
on the map depict the geographic limits of the LSG population distribution (data from Parks 
Canada, 2010). From MacDonald et al. (2014). 
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Figure 1.3: Location of Wapusk National Park (Manitoba, Canada) and the three study ponds 
(WAP 20, WAP 21 and WAP 12) used in Chapter 4. WAP 20 and WAP 21 are situated in an 
area of high disturbance by Lesser Snow Geese since ~1979, whereas WAP 12 is located 
outside of this area as of 2008. Grey regions depict the geographic limits of the LSG 
distribution at four time periods (data from Parks Canada, 2010). From MacDonald et al. 
(2015). 
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Figure 1.4: Maps and photo showing the Slave River Delta (Northwest Territories, Canada) 
and the study lake (SD2). The Slave River Delta is located downstream of the Alberta oil 
sands development and downwind of Giant Mine, a former gold mine near Yellowknife, 
NWT. 
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Chapter 2: Tracking hydrological responses of a thermokarst lake in the Old Crow 
Flats (Yukon Territory, Canada) to recent climate variability using aerial photographs 
and paleolimnological methods 
 
2.1 Introduction  
Lake-rich thermokarst landscapes are highly productive northern ‘oases’ that provide 
important habitat for abundant wildlife, but they are particularly vulnerable to climate change 
(Rouse et al., 1997; Rowland et al., 2010). Recent observations from remote sensing analysis 
suggest that thermokarst landscapes are becoming increasingly dynamic in response to 
climate change, with the rate of lake expansion increasing in some regions and lake-water 
levels declining in other regions (Yoshikawa and Hinzman, 2003; Smith et al., 2005; Riordan 
et al., 2006; Plug et al., 2008; Labrecque et al., 2009). However, remote sensing images are 
taken only periodically and, consequently, when used alone often cannot distinguish the 
processes responsible for the observed changes in surface area and water-level. For example, 
water-level declines may result from lake drainage events associated with accelerated 
thermokarst activity (Plug et al., 2008; Labrecque et al., 2009; Pohl et al., 2009) or from 
increasing evaporation in response to a longer ice-free season (Riordan et al., 2006). 
Identifying the processes responsible for water-level changes in these northern landscapes is 
important for natural resource stewardship since such changes will have ecological 
consequences that ultimately affect the local wildlife and traditional lifestyle of northern 
communities.  
The Old Crow Flats (OCF) is a vast (5600-km
2
) thermokarst landscape that has been 
recognized as a Wetland of International Importance by the Ramsar Convention. Centered 
approximately 55 km north of the village of Old Crow in the northern Yukon Territory 
(Figure 2.1), the OCF comprises approximately 2700 shallow thermokarst lakes and provides 
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habitat for abundant wildlife including the Porcupine Caribou Herd, moose, muskrat and 
waterfowl. The thermokarst landscape and large populations of wildlife of the OCF support 
the traditional lifestyle of the Vuntut Gwitchin First Nation (VGFN).  Results from a recent 
tree-ring study conducted in the OCF indicate that there has been marked warming over the 
last few decades that exceeds any other interval over the past ~300 years (Porter et al., 2010), 
a pattern consistent with shorter meteorological records in the area (Wolfe et al., 2011). This 
recent temperature increase corresponds with local observations of water-level declines in the 
OCF (Tetlichi, 2007; Figure 2.2). VGFN land users are concerned that these ongoing 
hydrological changes will alter wildlife dynamics and the ability to travel safely to traditional 
hunting and trapping grounds (Wolfe et al., 2011). One such example is Zelma Lake, an 
accessible, culturally-important and large (12 km
2
) lake that rapidly drained in spring 2007. 
This drainage event was attributed to above-average precipitation during the preceding ten 
months, which led to the erosion of an outlet channel (Wolfe and Turner, 2008; Turner et al., 
2010). Water-level declines in other basins in the OCF may also be due to rapid drainage; 
however, some of the declines could also potentially be caused by increasing evaporation. 
The timing and processes responsible for the observed changes in the OCF cannot be 
deciphered through use of remote sensing images alone.  
Paleolimnological approaches have been widely used to detect the effects of past 
climatic changes on the hydrology and limnology of Arctic lakes, ponds and wetlands (e.g., 
Lotter et al., 1999; Douglas and Smol, 1999). Multi-proxy paleolimnological analyses 
provide continuous long-term records of hydrological conditions over time and help identify 
the timing, causes and limnological consequences of hydrological changes. In past studies of 
shallow lakes in northern landscapes, paleolimnological analyses have been used 
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successfully to determine changes in the extent of open-ice conditions, lake-water chemistry, 
river flooding and other hydrological processes (e.g., Douglas and Smol, 1999; Edwards et 
al., 2004; Wolfe et al., 2005; 2008a; 2008b; Sokal et al., 2010; Brock et al., 2010). However, 
paleolimnological techniques have not been widely used for thermokarst lakes, in part 
because these remote landscapes are difficult to access. Also, due to their shallow depth and 
active thermokarst processes, which can potentially complicate radiometric dating of 
sediment cores, it remains uncertain if thermokarst lakes preserve informative records of past 
hydrological conditions. If they do preserve informative, continuous paleohydrological 
records, sediment core studies of thermokarst lakes have the potential to fill temporal gaps 
between discrete remote sensing images, and enhance knowledge of long-term hydrological 
evolution of these lacustrine environments. 
This study employs physical, geochemical and biological analyses of a sediment core 
from one thermokarst lake in the OCF for which a series of historical aerial- and satellite-
images were available. The images indicate that water-level in the lake declined markedly 
sometime between 1972 and 2001. However, the timing of the water-level decline cannot be 
determined more precisely from these images. Also, it remains uncertain if the water-level 
decline resulted from a lake drainage event or if it was caused by increased net annual 
evaporation. Thus, this study aims to evaluate the potential of using multi-proxy 
paleolimnological analyses to refine understanding of the hydrological changes apparent in a 
time series of satellite images of a shallow thermokarst lake in the OCF and to identify the 
processes responsible for the observed water-level decline.  
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2.2 Site Description 
The low relief, lake-rich landscape of the OCF occupies the former lakebed of Glacial 
Lake Old Crow, which drained catastrophically westward through the Upper Ramparts 
between 16,440 and 14,860 years BP (Zazula et al., 2004).  Since then, the Old Crow River 
has been the main drainage channel exporting water from the OCF. It flows into the 
Porcupine River and continues westward where it meets the Yukon River. Throughout the 
Holocene, the OCF underwent significant physical changes including thermokarst lake 
formation and downcutting of river channels, which have left lakes of this headwater system 
perched high above rivers (Lauriol et al., 2002). Presently, lakes and wetlands cover ~40% of 
the OCF.  The lakes are generally shallow (0.5-6 m depth) and vary considerably in surface 
area (1-3700 ha) (Labrecque et al., 2009). Using water isotope tracers, Turner et al. (2010) 
identified five distinctive hydrological lake types including snowmelt-dominated, rainfall-
dominated, groundwater-influenced, evaporation-dominated and drained, which highlights 
the diversity in water-balance conditions of the lakes. 
The study site (OCF 48; local name: “Hotspring Lake”) is a small (1.3 km2), shallow 
(0.68 m) lake located in the north-central part of the OCF adjacent to Timber Hill within 
Vuntut National Park (Figure 2.2; Table 2.1). Turner et al. (2010) identified that the lake 
oscillates between snowmelt- and rainfall-dominated hydrological lake categories, but also 
exhibits characteristics of groundwater-influenced basins. Water isotope monitoring during 
2007-2009 indicates the lake undergoes minimal evaporative enrichment (mean 18O = -
19.7‰; mean 2H = -164‰; Figure 2.3) relative to other lakes in the OCF (Turner et al., 
2010). Shallow groundwater seepage into the lake, resulting from a locally steep hydraulic 
gradient, likely offsets the effects of evaporation. Local land-users have indicated to us that 
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“Hotspring Lake” receives groundwater inflow, which causes ice cover to melt relatively 
early in the spring, an observation that was also reported by Geldsetzer and van der Sanden 
(2010). Limnological characteristics reflect the input of ion-rich groundwater likely from the 
adjacent Timber Hill, which is an outcrop of micritic limestone from the Kayak Formation 
(Morrell and Dietrich, 1993). The lake is nutrient-rich, meso-eutrophic and alkaline (Table 
2.1). Abundant macrophytes include Potamogeton and sedges (Carex spp.). The terrestrial 
portion of the lake’s ~7 km2 catchment is dominated by black spruce (Picea mariana), and 
also includes deciduous shrubs, herbaceous and non-vascular species. Tall willow stands 
(Salix spp.) are densely established around shoreline areas of the lake. Groups of drowned 
willows are located throughout the lake, which provide evidence that the water level has 
undergone pronounced changes in the recent past, including an episode of water-level decline 
followed by a rise.  
Meteorological conditions have been monitored at the Old Crow Airport since 1951 
(Environment Canada, 2010). However, data for several years are missing or incomplete, 
particularly during the early part of the record. The available data provide a fairly continuous 
climate record since 1981. Average annual precipitation for years with complete data sets 
(n=23) is 262.4 mm (rain =161.8 mm, snow = 100.6 mm). The average monthly temperature 
in Old Crow varies greatly over the year (-31ºC in January; 15ºC in July).  
 
2.3 Methods 
Aerial Photographs 
The aerial photographs of OCF 48 are from 13-15 July 1951, 8-9 July 1972 and 30 
August 2001. A SPOT (Satellite Pour l'Observation de la Terre) image was acquired on 24 
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July 2007 (5 m pixel resolution). The spatial extent of OCF 48 at each time-stamp was 
digitized in ArcView to provide estimates of changes in lake surface area over time. These 
images were compared with the paleolimnological record to interpret past hydroecological 
changes.  
 
Collection and Analysis of Lake Sediment Cores 
Two sediment cores (KB1 (36.5 cm) and KB2 (40.0 cm)) were collected from 
approximately the centre of OCF 48 on September 6, 2008 using a Glew gravity corer (Glew, 
1989) fitted with a Lucite tube (7.6-cm inside diameter). The corer was deployed from a 
helicopter with floats. Each core was sectioned into 0.5-cm intervals using a vertical extruder 
(Glew, 1988) upon return to the field base in the town of Old Crow, and samples were stored 
at 4ºC until analysis. For both cores, weight loss on heating (90ºC for 24 hours), loss-on-
ignition (LOI; 550 ºC for 1 hour) and loss-on-combustion (LOC; 950ºC for 1 hour) was 
conducted on subsamples of ~0.5±0.05g wet sediment at contiguous 0.5-cm intervals to 
determine water content, organic matter content and carbonate content, respectively (Dean, 
1974; Heiri et al., 2001). The residue after the LOC step was used to calculate the mineral 
matter content. Results showed no substantial differences between the LOI profiles for the 
two cores and, thus, all subsequent analyses (radiometric dating, geochemical and biological 
analyses) were conducted on consecutive 0.5-cm sediment intervals from the longer KB2 
core.  
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Core Chronology 
The sediment core chronology was developed by analyzing at least every second 0.5-
cm thick sediment sample from 0 to 14 cm depth, and every fourth sample for the remainder 
of the core (14-40 cm depth; all weights between 1-3 g dry mass), for activities of 
210
Pb, 
214
Bi 
and 
137
Cs at the Waterloo Environmental Change Research Laboratory (WATER), University 
of Waterloo. For each sample, a measured mass of freeze-dried sediment was packed into 8 
ml polypropylene tubes (SARSTEDT; product No. 55.524), sealed with 1-cm
3
 of epoxy resin 
(Devcon®; product No 14310) and allowed to equilibrate for at least 2 weeks before analysis. 
Activities of the radioisotopes were measured in an Ortec co-axial HPGe Digital Gamma Ray 
Spectrometer (Ortec # GWL-120-15) interfaced with Maestro 32 software (Version 5.32). 
Samples were run for at least two days. The Constant Rate of Supply (CRS) model (Appleby, 
2001), which assumes a constant flux of 
210
Pb but allows for varying sedimentation rates, 
was used to develop a sediment core chronology.  
 
Geochemical Analyses 
Bulk organic carbon and nitrogen elemental and isotope composition were measured 
on contiguous 0.5-cm thick subsamples following methods described by Wolfe et al. (2001). 
Sediment samples were rinsed with 10% hydrochloric acid to remove carbonates. Samples 
were then rinsed repeatedly with de-ionized water until a neutral pH was reached. Acid-
washed samples were freeze-dried to remove moisture and a 500-µm sieve was used to 
remove coarse organic debris. Fine fraction samples (<500 µm) were then analyzed for 
organic carbon and nitrogen elemental and isotope composition using a continuous flow 
isotope ratio mass spectrometer (CF-IRMS) at the University of Waterloo Environmental 
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Isotope Laboratory. The stable carbon isotope ratio is reported as δ13Corg values in per mil 
(‰) units relative to the Vienna – Peedee Belemnite (VPDB) standard and the nitrogen 
isotope ratio is expressed as δ15N (‰) relative to atmospheric nitrogen (AIR). Based on 
sample repeats, the analytical uncertainty for elemental carbon and nitrogen was ± 0.044% 
and ± 0.005%, respectively, while δ13Corg and δ
15
N values have an analytical uncertainty of ± 
0.04‰ and ± 0.05‰, respectively. Carbon-to-nitrogen (C/N) ratios were calculated using 
percent dry weight organic carbon and nitrogen contents.  
The acid-washed fine fraction (<500 µm) of the sediment subsamples was also used 
to reconstruct lake water oxygen isotope composition from measurements of cellulose 
oxygen isotope composition following standard methods (Wolfe et al., 2001; 2007). Solvent 
extraction, bleaching and alkaline hydrolysis were used to remove non-cellulose organic 
constituents, hydroxylamine leaching removed iron and manganese oxyhydroxides and heavy 
liquid density separation was used to concentrate the cellulose. The purified cellulose 
samples were then freeze-dried to remove moisture. Cellulose oxygen isotope composition 
was measured on continuous 0.5-cm intervals of the core with weights of ~0.8 ± 0.05 mg 
using a CF-IRMS at the University of Waterloo Environmental Isotope Laboratory. Results 
are expressed as δ-values relative to the Vienna – Standard Mean Ocean Water (VSMOW) 
standard and normalized to δ18OSLAP. Based on sample repeats, the analytical uncertainty for 
δ18Ocell is ±0.6‰.  Lake water oxygen isotope composition was reconstructed from cellulose 
oxygen isotope composition using a cellulose-water oxygen isotope fractionation factor of 
1.028 (Wolfe et al., 2001). 
 
 
32 
 
Diatom Analyses 
Subsamples (~0.3±0.05 g) of consecutive 0.5-cm interval samples were treated with 
10% hydrochloric acid to remove carbonates and rinsed repeatedly with de-ionized water 
until a neutral pH was reached. The subsamples were then digested with strong acids (50:50 
concentrated sulphuric: nitric acids by volume) following standard methods (Battarbee et al., 
2001) to digest organic material. Diatom slurries were rinsed repeatedly with de-ionized 
water until a neutral pH was reached. Samples of the diatom slurries were dispensed and 
dried onto circular coverslips, and then mounted onto microscope slides using Naphrax™. At 
least 300 diatom valves were identified and enumerated from each sample when possible (0-
10.5 cm depth) at 1000x magnification under oil immersion using a Zeiss Axioskop II Plus 
compound light microscope fitted with differential interference contrast optics. Samples with 
less than 10 diatom valves per microscope slide transect were deemed uncountable, and, as a 
result the diatom stratigraphy is only available for the upper 10.5 cm core depth. Uncountable 
samples can be attributed to either poor preservation or dilution of diatoms by inorganic 
sediment. The diatoms were identified to the lowest taxonomic level possible using the keys 
of Krammer and Lange-Bertalot (1988, 1991a b, 1999) and Lavoie et al. (2008). Taxa were 
considered rare if they had less than 1% abundance in a sample and were not included in 
further analyses. Selected diatom taxa were classified into habitat preference groups based on 
ecological information in Wolfe et al. (2008a), Sokal et al. (2008) and Wiklund et al. (2010): 
(1) Fragilaria pinnata (Ehrenberg) is inferred to indicate turbid, low-light environments or 
shallow water that reduce epiphytic and planktonic habitats for other diatom taxa and (2) 
epiphytic diatom taxa were inferred to indicate greater water clarity and higher light 
environments. The epiphytic diatom species included Achnanthes lanceolata (Grunow), A. 
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minutissima (Kützing), Amphora libyca (Ehrenberg), A. pediculus (Kützing), Cocconeis 
placentula (Ehrenberg), Cymbella cuspidata (Kützing), C. microcephala (Grunow), C. 
minuta (Hilse ex Rabenhorst), Encyonema lange-bertalotti (Krammer) Eolimna minima 
(Grunow), Gomphonema angustum (Agardh), G. parvulum (Kützing), G. gracile 
(Ehrenberg), Navicula cryptocephala (Kützing), N. cryptonella (Lange-Bertalot), N. 
pseudoangilica (Lange-Bertalot), N. pupula (Kützing), N. radiosa (Kützing), Nitzschia 
amphibia (Grunow) and N. palea (Kützing). 
 
Pigment Analyses 
Subsamples (~0.4±0.05g) of every second 0.5-cm interval of sediment were prepared, 
extracted and analyzed for pigment concentrations following standard methods (Reuss et al., 
2010) at the University of Waterloo WATER lab. Pigment concentrations were determined 
using a WATERS 2695 HPLC following the reverse phase high performance liquid 
chromatography procedure described by Mantoura and Lleywellyn (1983) and modified by 
Leavitt et al. (1989). Pigment concentrations (expressed as nMol per gram organic matter) 
were identified based on retention time and chromatograms compared to known standards 
(Jeffrey et al., 1997). Four pigments were chosen to inform paleoenvironmental 
reconstructions. These pigments are not easily degraded and are known to represent different 
algal classes: diadinoxanthin is an indicator of diatom abundance, lutein is an indicator of 
green algae abundance, β-carotene is an indicator of total algal abundance and canthaxanthin 
is an indicator of cyanobacteria abundance (Jeffrey et al., 1997). 
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2.4 Results and Interpretation 
Aerial Photographs Record of Lake Surface Area Changes 
The aerial photographs from 1951, 1972, 2001 and 2007 provide useful temporal 
context of discrete hydrological changes that can be compared to the paleolimnological 
record (Figure 2.4). Digitization of these images indicate that OCF 48 had a surface area of 
1.90 km
2
 in 1951, 1.64 km
2
 in 1972, 0.63 km
2
 in 2001 (including remnant ponds) and 1.31 
km
2
 in 2007.  Based on these measurements, the surface area of OCF 48 was relatively stable 
between 1951 and 1972, declined between 1972 and 2001, and increased between 2001 and 
2007.  Thus, the images indicate that the lake underwent phases of variable water level, 
which includes a stable phase, followed by a decline in water level, and a refilling phase that 
did not recover to the pre-1972 levels. 
 
Multi-proxy Paleolimnological Record 
210
Pb activities fluctuated between 0.054 Bq g
-1 
and 0.079 Bq g
-1 
in the upper 5 cm of 
the core from OCF 48 (Figure 2.5). Below 5 cm sediment depth, the total 
210
Pb activity 
profile declined from 0.079 Bq g
-1 
to 0.037 Bq g
-1
, with some variability and a slight increase 
to 0.048 Bq g
-1 
at the bottom of the core (Figure 2.5). 
210
Pb activity remained higher than 
214
Bi activity throughout the core and consequently background (i.e., supported) 
210
Pb 
activity was not reached. Therefore, the mean 
214
Bi activity of the core (0.034 Bq g
-1
) was 
used to estimate the supported 
210
Pb levels. 
137
Cs could not be used as an independent marker 
in this core because it did not provide a discernable peak. Radiometric dating of another lake 
in the OCF (OCF 29) with slower sedimentation rates shows that unsupported and supported 
210
Pb values merge at an activity of 0.032 Bq g
-1
. The 
210
Pb-derived chronology at OCF 29 
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was confirmed with a sharp peak in 
137
Cs occurring at the 
210
Pb-estimated date of
 
1969, 
which is just after the expected peak fallout in 1963. The similarity in supported 
210
Pb 
activity profiles from the two lakes and correspondence of water-level changes at OCF 48 
depicted in the aerial image time series with estimated timing of comparable changes in 
several paleolimnological parameters (see below) provide evidence that the 
210
Pb-methods 
resulted in a sufficiently reliable chronology. The CRS model for OCF 48 gave a basal date 
of 1874 (40 cm) and resulted in a mean sampling resolution of 3.35 years cm
-1
 over the 40-
cm core length.  
 Physical, geochemical and biological proxies show stratigraphic variations, which 
indicate that the lake has undergone marked hydroecological changes during the past ~135 
years.  This includes four distinct hydroecological phases that are consistent with the aerial 
and satellite images (Figure 2.6).  
 
Phase 1 (~1874 to ~1967): Stable 
During the earliest period of the sediment record (~1874 to ~1967), all 
paleolimnological parameters remained relatively constant. Values of organic matter (~13-
15%), mineral matter (~80-84%) and carbonate content (~7-8%) varied only slightly. The 
sedimentation rate remained relatively consistent (~0.1 g cm
-2
 year
-1
) until ~1956 when it 
began to increase to ~0.4 g cm
-2
 year
-1
. During this period, Corg (%) fluctuated around 7%, 
while N (%) fluctuated around 0.7%. The C/N ratio, which is often used to distinguish 
terrestrial versus aquatic sources of organic matter (Meyers and Teranes, 2001) was low 
throughout this period (~10) and remained low throughout the entire core suggesting that 
organic matter is mainly from aquatic primary production. Both δ13Corg and δ
15
N values 
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remained constant throughout this period and only varied slightly from ~-20‰ and ~2.5‰, 
respectively. In general, pigment concentrations remained fairly constant during this phase 
and no clear changes or trends were apparent. Based on the three-point running mean, 
cellulose-inferred lake water 18O (18Olw) values were low, ranging between -22.4‰ and -
19.8‰, likely indicating that the lake was fed mainly by snowmelt and minimal evaporation 
occurred. Overall, these results indicate that hydrological and limnological conditions of 
OCF 48 were stable during this time period. This corresponds well with evidence from the 
first two aerial images (1951 and 1972) that display very little change in lake surface area 
and state.  
  
Phase 2 (~1967 to ~1989): Expansion 
Between ~1967 and 1989, there was a marked stratigraphic shift in most parameters. 
Sedimentation rates began to increase and peaked at ~1969 (~0.1 to 0.9 g cm
-2
 year
-1
). 
Marked declines occurred in sedimentary content of organic matter (~15 to 10%), organic 
carbon (~8 to 5%) and nitrogen (~0.7 to 0.4%).  Also, pigment content declined sharply to 
non-detectable levels. Correspondingly, mineral matter content increased from ~82 to 85%. 
The C/N ratio remained constant overall (~10.3) throughout this period, δ13Corg values 
declined (~-20‰ to -26‰), δ15N values increased (~2.5‰ to 4.0‰) and 18Olw values 
remained consistently higher (mean = -19.7 ‰) than during Phase 1. 
The stratigraphic records indicate marked limnological and hydrological changes 
occurred during Phase 2. The decline in organic matter, organic carbon and nitrogen and the 
concomitant increase in mineral matter are consistent with a response to increased 
minerogenic turbidity and a subsequent decline in available light and aquatic productivity. A 
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decline in productivity is also supported by decreased pigment concentrations and a decrease 
in 13Corg values. The latter is commonly used to reconstruct paleo-productivity because 
increasing algal demand on dissolved inorganic carbon (DIC) commonly leads to 
13
C-
enrichment of DIC and phytoplankton, which is often recorded in lake sediments by 
increases in 13Corg values (Meyers and Teranes, 2001; Meyers, 2003; Leng et al, 2005). 
Numerous factors and processes may cause changes in the 15N values in lake sediment 
records, including 
15
N-enrichment caused by increasing productivity (see Talbot, 2001).  
However, the other paleolimnological data are inconsistent with this interpretation. 
Alternatively, the increase in δ15N values may reflect an increase in the supply of 15N-
enriched nitrate derived from the leaching of soils along the margin of the lake (e.g., Wolfe et 
al., 1999). Based on these data, we suggest that the limnological changes inferred from the 
sediment record during Phase 2 were caused by lake expansion and erosion of shoreline 
sediments. The increase in 18Olw values was most likely due to an increase in the supply of 
isotopically-enriched summer precipitation to the lake, which may have been a key driver of 
lake expansion. A small increase in evaporation, due to expansion in lake surface area, may 
also account for the rise in 18Olw values. This hydrological phase was not captured in the 
aerial images. 
 
Phase 3 (~1989): Drainage 
In ~1989, stratigraphic trends from the expansion phase terminated abruptly. A rapid 
increase in sedimentation rate, values of 18Olw and δ
13
Corg, concentrations of organic matter, 
organic carbon and nitrogen, and concentrations of the pigments diadinoxanthin, lutein and 
β-carotene occurred while mineral matter content, δ15N and the C/N ratio declined.   
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These stratigraphic changes indicate an abrupt alteration in the hydrological and 
limnological conditions of OCF 48, which we attribute to the rapid drainage of the lake. 
Rapid loss of lake water via surface or subsurface drainage would lead to lower water levels 
and increased concentration of nutrients. Combined with greater light availability due to 
decreased shoreline erosion, these conditions would have promoted the rapid increase in lake 
productivity and sedimentation rate that is recorded in the physical, biological and 
geochemical profiles. A spike in the 18Olw profile immediately after the drainage event may 
represent an abrupt increase in the proportion of summer rainfall contributing to the lake 
water balance. Stratigraphic evidence of lake drainage in ~1989 is consistent with aerial 
images that indicate a water level decline sometime between 1972 and 2001. Notably, 18Olw 
values are substantially lower during 1972-2001 (-22.3‰ to -18.9‰) than the predicted value 
for a terminal basin at steady-state (~-12‰) under present-day climatic conditions (Turner et 
al., 2010). Thus, the lake-level decline captured in the 2001 image could not have been 
caused by evaporation.  
 
Phase 4 (~1989 to 2008): Refilling 
Stratigraphic analyses indicate that organic matter (~10 to 17%), carbonates (~7 to 
15%), organic carbon (~4 to 8%), nitrogen (~0.4 to 0.9%) and δ13Corg (~-25‰ to -23‰) all 
increased after the rapid drainage of OCF 48 in ~1989, whereas mineral matter content (~86 
to 76%), C/N ratio (~10 to 9) and 18Olw values (~-19‰ to -21‰) continued to decline 
gradually. The concentrations of all pigments continued to increase with β-carotene, lutein, 
and canthaxanthin reaching their highest recorded concentrations. Fragilaria pinnata 
dominated diatom assemblages throughout this entire phase, while epiphytic taxa contributed 
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~25-40%. Relative abundance of epiphytic taxa increased after 2004, a period when δ15N 
values continued to decrease. 
 Increasing organic content, carbonate content, pigment concentrations and 13Corg 
values are all indicative of increasing lake productivity that we associate with a period of 
lake refilling. As erosion of shoreline sediments ceased, turbidity declined and the lake 
productivity increased. A reduction in leaching of 
15
N-enriched nitrate in shoreline sediments 
may explain the decline in 15N values. As the lake continued to refill and become clearer 
and more productive, macrophytes likely began to grow, resulting in relatively high 
abundance of epiphytic diatom species. The trend towards lower 18Olw values that approach 
lake-water oxygen isotope values measured during 2007-2009 indicate an increasing 
proportion of the lake’s input waters was provided by isotopically-depleted snowmelt relative 
to isotopically-enriched rainwater. These results are in agreement with the 2007 SPOT image 
that indicates increased water levels since the aerial image from 2001, and with present-day 
observations of clear water and abundant macrophytes.  
  
2.5 Discussion 
Thermokarst lakes undergo hydroecological successional changes and cycles in 
response to climate conditions. Early stages of thermokarst development include subsidence 
of ice-rich permafrost soils, formation of ice-wedge polygons and boundary trenches, and 
subsequent surface-water accumulation and coalescence of ponds (Mackay, 1992; 
Yoshikawa and Hinzman, 2003; Plug et al., 2008).  Once larger water bodies are established, 
lake development and expansion continues as ice-rich bank material subsides in response to 
various processes including erosion from elevated water levels and waves, and thaw of 
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exposed surfaces during prolonged periods of warm air temperatures and exposure to 
sunlight. Thermokarst lakes may eventually drain following elevated water levels in response 
to increased precipitation or rapid snowmelt.  Drainage outlets may, for example, form along 
thermo-contraction cracks that occur in ice-wedges connected to lower-lying areas (Mackay, 
1988, 1992) or in response to erosion of ice-rich bank material within a narrow divide.  The 
latter example requires a rapid increase in lake level, following prolonged intense 
precipitation, rapid snowmelt or blockage of other outlets (Mackay, 1988, 1992; Brewer et 
al., 1993; Marsh and Neumann, 2001; Hinkel et al., 2007; Wolfe and Turner, 2008; Marsh et 
al., 2009; Turner et al., 2010). Alternatively, subsurface drainage into the water table may 
also occur when the underlying talik completely penetrates the underlying permafrost and a 
negative vertical hydraulic gradient exists (Yoshikawa and Hinzman, 2003; Smith et al., 
2005; Riordan et al., 2006).  
Multi-proxy paleolimnological analysis of the sediment record from OCF 48 indicates 
that the lake has experienced four phases of hydroecological change over the past ~135 years 
that are consistent with thermokarst lake evolution described above and which includes a 
complete cycle characterized by stability, expansion, rapid drainage and gradual refilling. 
During Phase 1 (~1874-1967), physical, geochemical and biological indicators were 
complacent, indicating that the lake did not experience any substantial hydrological or 
limnological changes. During Phase 2 (~1967-1989), a decline in organic matter content (and 
the concomitant rise in mineral matter content), δ13Corg and pigment concentrations, and 
increase in 18Olw and δ
15
N values are likely due to lake expansion that may have been 
initiated by recent climate warming (Porter et al., 2010) and above average summer 
precipitation. These stratigraphic trends terminate abruptly in ~1989 (Phase 3), which we 
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attribute to the sudden drainage of OCF 48. Phase 4 (~1989-2008) is characterized by 
increasing organic matter content, δ13Corg values, pigment concentrations, decrease in δ
15
N 
values, as well as the increased abundance of diatoms, which reflect an increasingly 
productive, clearer water, macrophyte-rich lake as the basin partially refilled. By 2008, the 
majority of parameters (organic and mineral matter content, sedimentation rate, Corg (%), N 
(%), δ13Corg, δ
15
N and pigments) approach levels that are similar to the earlier stable phase. 
Rapid establishment of willow on the newly exposed lakebed may have provided for greater 
snowpack accumulation, and subsequently, increased supply of isotopically-depleted 
snowmelt to the lake during Phase 4.   
Interpretations based on the multi-proxy paleolimnological record are largely 
consistent with the remote sensing images from 1951, 1972, 2001 and 2007. However, due to 
a large time gap between images, the lake expansion phase is only evident in the 
paleolimnological record. Also, aerial images alone indicate that a decline in lake-level 
occurred sometime between 1972 and 2001 but cannot identify if the water-level drop was 
sudden (drainage event) or gradual (increased evaporation). Paleolimnological analyses were 
able to refine the hydrological history apparent in the aerial photograph time series by more 
precisely identifying when lake-level decline occurred (~1989) and the cause (rapid 
drainage).  
Meteorological records were examined to explore potential causes of the rapid 
drainage of OCF 48 that was identified in the paleolimnological analysis. Precipitation 
records from the Old Crow airport (Environment Canada, 2010; Figure 2.7) indicate high 
amounts of antecedent precipitation in the months prior to the inferred lake drainage. In 
particular, there was a very large amount of rainfall in August 1987, followed by above 
42 
 
average (1951-2007) precipitation until August 1988. Increased rain likely resulted in water 
levels rising to near maximum capacity at the time of lake freeze-up. We suggest that the 
combination of snowmelt and slightly above average spring rainfall (June 1989) caused water 
levels to rise above maximum capacity and an overland outlet channel was likely formed. 
Further erosion of the shoreline sediments and channel likely occurred as water flowed 
through, increasing the rate of water export and consequently resulting in the rapid drainage 
of OCF 48 in 1989. An outlet channel was not visible in satellite images or during field 
visits, possibly due to establishment of vegetation in the outlet channel. The pattern of above-
average precipitation leading to rapid drainage has also been observed in the more recent 
drainage of Zelma Lake and lake OCF 56 in the region (Wolfe and Turner, 2008; Turner et 
al., 2010). Interestingly, other studies in the Arctic Coastal Plain (Brewer et al., 1993) and 
Northwest Territories near the Mackenzie Delta (Marsh and Neumann, 2001; Pohl et al., 
2009) have reported rapid thermokarst lake drainage events in 1989, and also attributed these 
to high antecedent precipitation. Our results support the findings of other studies (Brewer et 
al., 1993; Marsh and Neumann, 2001; Plug et al., 2008; Labrecque et al., 2009), which 
suggest that precipitation is a key driver in thermokarst lake drainage-expansion cycles.  
Given that precipitation appears to be an important driver of lake drainage events in 
the OCF, the precipitation record may provide information to hindcast when other lake 
drainage events are likely to have occurred. For example, the precipitation record (Figure 
2.7) identifies that the following years experienced above-average (262 mm) annual 
precipitation prior to the start of the ice-free season (June 1): 1975 (349 mm), 1982 (344 
mm), 1985 (314 mm), 1988 (325 mm), 1992 (277 mm), 1994-2001 (average = 306 mm), 
2004 (334 mm) and 2007 (359 mm). In the OCF, we hypothesize that drainage events are 
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more likely to have occurred during these years or the years immediately following 
compared to years with average or below average antecedent precipitation. Ongoing 
paleolimnological studies are being employed to test this hypothesis. As many climate 
models predict a continued increase in precipitation in the Arctic (Kattsov et al., 2005; 
Prowse et al., 2006), identifying the hydrological response of thermokarst lakes in the OCF 
to previous years of elevated precipitation is important for predicting future scenarios.  
While these results are exceptionally promising for furthering our understanding of 
the hydrological behaviour of thermokarst lakes in the OCF, our findings are from only one 
lake and uncertainty remains about the factors that promote water-level declines in other 
lakes in the OCF (e.g., Figure 2.2) and at the landscape level. However, based on the 
remarkably clear and coherent stratigraphic record from OCF 48, we can hypothesize on 
expected stratigraphic profiles for lakes that have experienced water-level declines due to 
rapid drainage versus evaporative drawdown (Figure 2.8).  In scenario (a), increasing 
temperature, if accompanied by increasing precipitation, may accelerate natural thermokarst 
lake expansion-drainage cycles. In the case of sedimentary organic content, an initial phase 
of stable productivity would be followed by a rapid decrease in organic matter content as 
lake expansion initiates and increased supply of minerogenic sediment increases lake 
turbidity that reduces lake productivity. As expansion continues and episodes of elevated 
precipitation occur, water levels increase leading to rapid drainage and subsequent rapid 
increase in organic matter as the water column becomes clearer, nutrients concentrate and 
growth of macrophytes and phytoplankton increase. Alternatively, in scenario (b), increasing 
temperature and duration of the ice-free season (without pronounced increases in 
precipitation) may cause increasing evaporation and desiccation of lakes. Under these 
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conditions, a period of stable limnological conditions would be followed by a gradual 
increase in productivity due to evaporative concentration of nutrients, declining water 
volume and longer duration of the ice-free season. Other parameters may show similar 
patterns but trend directions may differ (e.g., profiles of mineral matter content will be a 
mirror image of the organic matter content profiles). Overall, we hypothesize that sediment 
records from lakes experiencing accelerated thermokarst expansion-drainage cycles would 
likely show more abrupt changes and rapid stratigraphic inflections compared to lakes 
experiencing evaporative drawdown – patterns that need to be tested at other locations.  
 
2.6 Conclusions  
Small, shallow thermokarst lakes have often been avoided for paleolimnological 
studies due to the dynamic sedimentary environment that may cause preservation problems, 
complicate radiometric dating and confound coherent paleohydrological reconstructions. 
Here, we show correspondence of changes in stratigraphic profiles of paleolimnological 
parameters with changes depicted in historical aerial images, which suggest that sediment 
cores contain reliable records of hydrological and limnological conditions.  Importantly, 
parameters as simple to measure as LOI depict clear shifts in hydroecological conditions of 
our study lake. Overall, our study indicates that multi-proxy paleolimnological approaches 
can be employed to track past hydroecological changes and events in thermokarst lakes and 
that they are able to help identify the causes of past changes. OCF 48 experienced four well-
defined phases during the past ~135 years; Phase 1: stable (~1874-1967), Phase 2: expansion 
(~1967-1989), Phase 3 (~1989): rapid drainage and Phase 4 (~1989-2008): refilling, that 
correspond with an aerial photograph time series but also reveal an additional phase not 
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apparent in the photographs (i.e., Phase 2). Examination of meteorological records suggest 
that high antecedent precipitation may have caused the lake to erode an outlet and drain 
rapidly, as has been observed more recently in the OCF (Wolfe and Turner, 2008; Turner et 
al., 2010). Ongoing paleolimnological research aims to further evaluate the nature of recent 
water-level declines observed in the OCF, knowledge that will help inform future predictions 
of lake hydrological conditions under different climate change scenarios. 
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2.8 Figures 
 
 
Figure 2.1: Location of the Old Crow Flats (OCF), Yukon Territory, Canada.  Details of the 
sediment coring site (OCF 48) shown with SPOT satellite image from July, 2007. Labels 6, 
19 and 22 are locations of photographs from Figure 2. 
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Figure 2.2: Photographs showing examples of lakes in the OCF that have experienced water-
level decline. Locations of sites are shown on Figure 2.1: a) OCF 6, b) OCF 22, c) OCF 19 
and d) OCF 48. 
 
  
48 
 
 
Figure 2.3: Water isotope results for OCF 48 from samples obtained during 2007-2009. Also 
shown is the Global Meteoric Water Line (GMWL; Craig, 1961) and the Local Evaporation 
Line (LEL) derived from isotopic and meteorological data from 2007 (Turner et al., 2010). δP 
is the average annual isotopic composition of precipitation, δSSL is the steady-state 
composition for a terminal basin where evaporation = inflow and δ* is the limiting isotopic 
composition of a lake approaching desiccation.  
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Figure 2.4: Historical images of lake OCF 48 from a) 1951, b) 1972, c) 2001 and d) 2007. 
 
  
50 
 
 
Figure 2.5: 
210
Pb and 
214
Bi activity and depth-age profiles for OCF 48 KB2 sediment core. 
Error bars represent two standard deviations. 
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Figure 2.6: Summary of key paleolimnological indicators for OCF 48 KB2, plotted versus time derived from the 
210
Pb analysis. 
Raw cellulose-inferred lake water 18O (18Olw) values are plotted along with a three-point running mean.
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Figure 2.7: Precipitation data based on Environment Canada’s Old Crow data (daily since 
1951). Left plot: Annual precipitation from 1952 to 2010. Each year represents June 1 of the 
previous year to May 31 of the labelled year. White bars represent snow and grey bars 
represent rain. The numbers plotted on the left side of the bars represent the numbers of days 
of data missing. Right plot: Monthly precipitation from January 1987 to December 1990 
plotted with the long-term monthly average (1951-2007).  
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Figure 2.8: Expected sedimentary organic matter content (%) profiles from paleolimnological 
analysis of lakes experiencing surface area changes from (a) accelerated thermokarst 
expansion-drainage cycles and from (b) increased evaporation.  
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2.9 Tables 
 
Table 2.1: Selected physical and chemical limnological characteristics of lake OCF 48. 
Values represent the average and standard deviation of samples collected on July 24 2007, 
July 30 2008 and July 30 2009 measurements.  
 SI Units Average July (2007-2009) Standard Dev 
pH   9.27 0.44 
Specific conductivity  μS/cm 170.67 17.90 
Alkalinity meq/L 1.82 0.23 
Dissolved organic 
carbon mg/L 8.20 1.48 
Dissolved inorganic 
carbon mg/L 18.60 4.08 
Calcium mg/L 14.17 3.14 
Magnesium mg/L 7.23 0.72 
Potassium mg/L 1.72 0.36 
Silica  mg/L 2.97 2.41 
Total nitrogen  mg/L 0.79 0.15 
Total dissolved 
phosphorus  µg/L 30.80 14.05 
Total phosphorus  μg/L 46.53 18.28 
Chlorophyll a  μg/L 3.20 2.81 
Average (point) depth m 0.68 0.39 
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Chapter 3: Avian-driven modification of seasonal carbon cycling at a tundra pond in 
the Hudson Bay Lowlands (northern Manitoba, Canada)  
 
3.1 Introduction 
Shallow lakes and ponds are a dominant feature of tundra landscapes in the Arctic 
and Subarctic, and they provide important habitat and resources for abundant waterfowl 
populations. These relatively pristine freshwater ecosystems are particularly responsive to 
environmental stressors, because they possess small water volumes and high surface area to 
volume ratios (e.g., Rouse et al., 1997; Prowse et al., 2006; Schindler and Smol, 2006; Smol 
and Douglas 2007ab; Rowland et al., 2010). For over 20 years, concerns have been mounting 
about the environmental effects of increased waterfowl populations, and how changes in their 
geographic distribution may alter the structure and function of Arctic and Subarctic 
freshwater ecosystems. Consequences may include eutrophication, changes in nutrient 
cycling, and destruction of vegetation and available habitat (e.g., Handa et al., 2002; 
Gregory-Eaves et al., 2004; Lim et al., 2005; Van Geest et al., 2007; Côté et al., 2010; Sun et 
al., 2013).   
Limnological and paleolimnological approaches have been utilized to assess the 
effects of fluctuations in waterfowl populations on Arctic and Subarctic lakes and ponds. For 
example, Côté et al. (2010) used measurements of several physical and chemical variables, 
including water-column concentrations of dissolved organic carbon (DOC), dissolved 
inorganic carbon (DIC), total phosphorus (TP) and total Kjeldahl nitrogen (TKN), to assess 
the influence of Greater Snow Goose (Chen caerulescens atlantica) activity on lakes and 
ponds on Bylot Island, Nunavut, Canada. Based on a single sampling episode during the 
summer (July-August), they found no significant difference in DOC and DIC concentrations 
in lakes and ponds with and without geese. Concentrations of TP were generally low (mean: 
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13.8µg L
-1
, range: 3.9-37.4µg L
-1
), and were significantly elevated in lakes with geese. 
Keatley et al. (2009) combined measurements of limnological variables (e.g., pH, 
concentration of P and N) with the analysis of diatoms in surface sediments of ponds on 
Devon Island (Nunavut, Canada) to determine that influence of seabirds (northern fulmars, 
Fulmarus glacialis) significantly elevated pH and concentrations of P and N and altered 
diatom community composition. Additional contemporary and paleolimnological studies, 
including work from Devon Island, Cape Vera and Cornwallis Island, have also found 
increases in productivity and nutrient concentrations in response to seabird populations (e.g., 
Michelutti et al., 2009; 2010; Keatley et al., 2011; Sun et al., 2013).  
To date, limnological studies in Arctic locations have focused almost exclusively on 
assessing whether waterfowl population expansion modifies nutrient (mainly P and N) 
concentrations in the water column. Considerably less research has been conducted to assess 
the influence of waterfowl population expansion on C cycling. Moreover, previous studies of 
the influence of waterfowl on biogeochemical cycles and productivity of Arctic lakes have 
used conventional limnological measurements of C (e.g., concentrations of DOC and DIC; 
Côté et al., 2010), but as far as we are aware have yet to incorporate measurements of C 
isotope composition of dissolved and particulate fractions. Carbon isotopes have been used 
successfully in temperate lakes to assess productivity and track C cycling (e.g., Rau, 1978; 
Quay et al., 1986; Takahashi, 1990, Bade et al., 2004), and so may be useful to assess effects 
of waterfowl disturbance in Arctic and Subarctic ponds.  
Most of the limnological studies that have examined the influence of waterfowl on 
Arctic lakes have relied on single, point-in-time water chemistry measurements. This is often 
a consequence of logistical constraints and high costs associated with sampling in remote 
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northern locations. For example, Côté et al. (2010) sampled lakes once (in July or August) to 
provide a ‘snapshot’ of the differences in limnological conditions between lakes with and 
without substantial waterfowl populations. And, Keatley et al. (2009) sampled sites once per 
year during July for three years, although not every site was sampled each year. An exception 
is a study by Mallory et al. (2006), which involved a nine-week sampling period to track 
changes in limnological conditions of a single pond in Nunavut located adjacent to an eider 
colony. They documented a decrease of pH and increase of P and N concentrations by the 
end of the ice-free season compared to lakes uninfluenced by the eider colony. Mallory et al. 
(2006) demonstrated that multiple limnological measurements over seasonal timescales may 
be important to quantify the influence of waterfowl populations on limnological conditions in 
some situations. Furthermore, findings illustrated that trends and differences may be missed 
by studies that rely on single, point-in-time sample collection.  
Shallow lakes and ponds of Wapusk National Park (WNP; northeastern Manitoba, 
Canada) offer an opportunity to examine the influence of changes in waterfowl populations 
on the hydrolimnological and biogeochemical conditions in a Subarctic setting (Figure 3.1, 
3.2). WNP, located in the Hudson Bay Lowlands (HBL), contains abundant shallow lakes 
and ponds and is internationally renowned for its biodiversity and vital habitat for polar bears 
(Ursus maritimus) and migratory birds. Coastal regions of WNP have experienced a rapid 
increase in the Lesser Snow Goose (LSG; Chen caerulescens caerulescens) population. A 
geometric increase of 5-7% per year has occurred since the 1960s (Batt, 1997; Jefferies et al., 
2006), which has disturbed the landscape and caused substantial changes in vegetation and 
habitat (Figure 3.2). For example, extensive grubbing by the LSG population in the soil to 
obtain roots and shoots of plants for nutrition has denuded vegetation in areas of coastal salt 
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marshes and increased salinity and humidity in the soils (Figure 3.2; e.g., Srivastava and 
Jefferies, 1996; Parks Canada, 2000; Handa et al., 2002; Jefferies and Rockwell, 2002). As 
the LSG have moved farther inland, grubbing for nutrition, removal of grasses for 
manufacture of nests and substantial deposits of feces have been observed. As the number of 
geese has grown, the spatial extent of the limit of their breeding grounds has also increased 
markedly, from <5 km
2
 in 1969 to >300 km
2
 as of 2008 (Figure 3.1). These increases have 
been attributed to a combination of agricultural food subsidies in their wintering grounds, 
creation of conservation refuges along migration flyways and warmer nesting locations, all of 
which increased energy allocated to reproduction and survival rates (Batt, 1997; Abraham et 
al., 2005b; Jefferies et al., 2006). At present, little is known about the consequences of the 
increased LSG population on the hydrolimnological and biogeochemical conditions of the 
coastal ponds of WNP. This information is required to predict the potential effects of further 
expansion of waterfowl populations in WNP and inform effective ecosystem stewardship 
decisions.  
In this paper, we present a pilot study that characterizes the water chemistry and 
biogeochemical conditions of 16 shallow ponds located in the coastal fen ecotype within 
WNP and assesses influences of Lesser Snow Goose activities on carbon cycling and trophic 
status. Fifteen ponds that span the coastal fen ecotype and that currently have only low (if 
any) disturbance from the LSG population were sampled to provide insight into the range of 
hydrolimnological variability for ponds unaffected by the LSG population expansion. Results 
are compared with analyses from pond WAP 20, which receives heavy use by LSG - its 
catchment is strongly disturbed by their activities during the breeding season (late May to 
late August; Jefferies et al., 2003).  Our intent was to expand on methods employed in 
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previous limnological studies of waterfowl disturbance. We used conventional water 
chemistry (e.g., nutrients, ions and alkalinity), water isotope (e.g., δ18O and δ2H) and C 
isotope (e.g., δ13CDIC and δ
13
CPOM) measurements to compare seasonal changes and patterns 
of hydrological, limnological and biogeochemical conditions between the 15 low disturbance 
ponds and one highly-disturbed pond. From these data, we explore potential hydrological, 
limnological and biogeochemical effects of disturbance by the LSG population on a tundra 
pond in WNP. Data from the low disturbance ponds also provide baseline information for 
future studies assessing potential effects of LSG.  
 
3.2 Study Area 
Wapusk National Park 
WNP was established in 1996 to protect a representative section of the northwestern 
HBL. WNP is underlain by continuous permafrost in northern sections and discontinuous 
permafrost in the far south end of the park. Vegetation spans the transition between Arctic 
tundra and boreal forest (Parks Canada, 2000). Wetlands cover approximately 80% of the 
surface area of the park, with fens and bogs located along the coast and polygonal peat 
plateaus located farther inland (Parks Canada, 2008). In this study, we focus on ponds 
located within the coastal fen of WNP because it is the ecotype selected by LSG for their 
breeding grounds (Figure 3.1). The coastal fen region comprises approximately 11% of the 
park (Parks Canada, 2000). Within this area, vegetation includes mainly sedges (Carex 
aquatilis) and rushes (Scorpidium scorpoides and Scirpus caespitosus), and terrestrial plant 
cover is sparse. During the past ~40 years, the LSG population has expanded dramatically 
throughout the coastal fen ecotype in population size, density and geographic distribution 
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(Figures 3.1, 3.2). The LSG population typically arrives in the HBL in late May and begins 
the southward migration at the end of August (Jefferies et al., 2003). Terrestrial areas with 
the highest disturbance show evidence of substantial grubbing activity and vegetation loss, 
and contain abundant deposits of feces. However, based on our field observations, the 
influence of LSG in the mapped areas of Figure 3.1 is patchy and substantial areas remain 
relatively undisturbed.  
 
Study Sites 
The original intent of this study was to characterize seasonal hydrolimnological and 
biogeochemical behaviour in coastal fen ponds. However, following conversations with 
wildlife ecologists at the Churchill Northern Studies Centre (CNSC) and assessment of our 
data and field observations, we recognized an opportunity to explore differences in 
hydrolimnological and biogeochemical conditions between a highly LSG-disturbed pond 
(WAP 20) in our dataset and 15 other low disturbances ponds (note that WAP 3, 10, 11 and 
12 were removed from the data set because they desiccated during mid-summer of the 
sampling year (2010); Figure 3.1). These ponds are all small (average area = 0.29 km
2
) and 
shallow (<0.5 m), and were selected under the assumption that they are representative of 
ponds within the coastal fen ecotype. Based on observations made during our field 
campaigns, ponds WAP 1-19 had little to no visual evidence of disturbance by geese within 
their catchments even though several are located within the mapped area of the LSG breeding 
grounds (Figure 3.1). Catchments of these ponds contained few deposits of feces and only 
small, if any, amounts of grubbing (hereafter termed low-disturbance coastal fen ponds, or 
LDCF ponds).  In contrast, LSG have substantially disturbed the catchment of pond WAP 20 
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by depositing high densities of feces, establishing nests with eggs along the pond shoreline, 
and removing the terrestrial vegetation by grubbing (Figure 3.2c, d). WAP 20 is located in 
the area that has been longest disturbed by the LSG (e.g., Batt, 1997; Iacobelli and Jefferies, 
1991; Abraham et al., 2005ab, Jefferies et al., 2006; Figure 3.1).  
 
Climate 
Meteorological conditions monitored at the Churchill airport show marked seasonal 
variations in temperature and precipitation (Figure 3.3; Environment Canada, 2010). Based 
on 1971-2000 climate normals, average annual temperature is -6.9°C and average annual 
precipitation is 431.6 mm (rain = 264.4 mm, snow = 167.2 mm). During the sampling season 
of 2010, temperature was similar to climate normals in May, June and August but slightly 
elevated in July and September. Rainfall was lower in June but markedly higher in late 
August (Figure 3.3). Snow accumulation during the preceding winter (2009-2010) was 
considerably lower than the climate normal.  
 
3.3 Methods 
To characterize seasonal variations in hydrology, water chemistry and C dynamics of 
the study ponds, surface water samples were collected at approximately 10- to 15-cm depth 
from all ponds on June 8 (soon after ice-off), July 31 (mid-summer) and September 23 
(before ice-on) of 2010. The sampling dates were selected to encompass the early-ice free 
season (snow and ice melt), mid-summer (growth season) and autumn periods. 
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Isotope Hydrology  
Pond-water samples for analysis of water isotope composition were stored in tightly-
sealed 30-ml high density polyethylene bottles until analysis following standard methods 
(Epstein and Mayeda, 1953; Morrison et al., 2001) at the University of Waterloo 
Environmental Isotope Laboratory (UW-EIL). Isotopic compositions are reported as δ18O 
(‰) and δ2H (‰) relative to the Vienna Standard Mean Ocean Water (VSMOW) standard. 
δ18O and δ2H results are normalized to -55‰ and -428‰, respectively, for Standard Light 
Antarctic Precipitation (Coplen, 1996). The analytical uncertainty was ±0.2‰ and ±2.0‰ for 
δ18O and δ2H, respectively.  
 
Water Chemistry 
Surface water samples and limnological measurements were collected from all the 
ponds during the three field visits.  In situ measurements for pH were also conducted at 
approximately 10- to 15-cm depth using a YSI 600QS multi-meter. Following collection, all 
water samples were stored at 4°C until analysis.  Immediately following collection, the pond 
water was passed through a screen (80-μm mesh) to remove large particles that can affect 
estimates of concentrations in the pond water. For determination of DIC and DOC, water was 
filtered within 12 hours of collection (cellulose acetate filters: 0.45-μm pore size, 47-mm 
diameter) and stored in the dark at 4
oC until analysis at Environment Canada’s National 
Laboratory for Environmental Testing (Burlington, Ontario) following their standard 
methods (Environment Canada, 1994). Samples for determination of TP and TKN were 
acidified (held at 0.02% H2SO4) and analyzed at the Biogeochemistry Lab at the University 
of Waterloo (TKN = Bran Luebbe, Method No. G-189-097; TKP = Bran Luebbe, Method 
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No. G-188-097; Seal Analytical, Seattle, USA). Chlorophyll a concentrations were 
determined by filtering measured volumes of water onto Whatman® GF/F filters at the 
CNSC, and the filters were stored frozen and in the dark until chlorophyll a concentration 
was determined using standard fluorometric techniques (Parsons and Strickland, 1963; 
SCOR/UNESCO, 1966) at the Aquatic Ecology Group Analytical Laboratory at the 
University of Waterloo.  
 
Carbon Isotope Analyses 
Water samples were collected from all ponds during the three field visits in 2010 for 
the analysis of C isotope composition of DIC (δ
13
CDIC) using 125 ml glass serum bottles, with 
rubber stoppers and syringe needles that were used to expel excess air. Samples were stored 
at 4°C until analysis. Samples for the C isotope analysis of suspended particulate organic 
matter (δ13CPOM) were collected using multiple horizontal tows with a phytoplankton net 
(mesh size = 25 µm). Upon return to the field base (CNSC), samples were passed through a 
63-µm mesh net to remove zooplankton and other large particles, filtered onto pre-ashed 
Whatman® quartz filters (0.45-µm pore size) and dried at 60°C for 24 hours in a drying 
oven. Filters were then exposed to 12 N HCl fumes in an air-tight vessel for 4 hours to 
remove carbonates, following the methods of Lorrain et al. (2003). Water samples were 
analyzed for δ13CDIC and acidified filters were analyzed for δ
13
CPOM  at the UW-EIL. Stable C 
isotope ratios are reported as δ13C (‰) relative to the Vienna-PeeDee Belemnite (VPDB) 
standard. The analytical uncertainty was ±0.05‰ and ±0.01‰ for δ13CDIC and δ
13
CPOM, 
respectively. The C isotope fractionation factor was estimated from the difference between 
δ13CDIC and δ
13
CPOM  (i.e., Δ
13
CDIC-POM; Fry 2006). To supplement C isotope measurements, 
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dissolved CO2 concentration and saturation values in the ponds were calculated based on 
methods outlined by Stumm and Morgan (1981) and Macrae et al. (2004), which determines 
the ratio of pond dissolved CO2 concentration to equilibrium pond CO2 concentration. A 
partial pressure of atmospheric CO2 of 393 ppm was used for calculations (representative 
value for 2010 conditions; M. Macrae and R. Bourbonniere, unpublished data). Values of 
CO2 saturation <1 indicate waters are under-saturated in dissolved CO2, whereas values >1 
indicate waters are over-saturated in dissolved CO2.  
 
 
Numerical and Statistical Analyses 
Principal components analysis (PCA) was used to explore patterns of variation in 
limnological and biogeochemical conditions among ponds over the course of the ice-free 
season. Only ponds that had a complete data set for all three sampling episodes were 
included in the PCA (i.e., ponds WAP 1 and 2 were not included in the PCA due to loss of 
the July δ13CDIC sample). The median value for the sample scores of the LDCF ponds was 
added in the ordination plot to assess the typical pattern of seasonal change for the 
undisturbed ponds. The values for CO2 saturation were added passively to the PCA to avoid 
over-representation, as it was calculated based on other variables included in the PCA. The 
PCA was performed using CANOCO version 4.5 software (ter Braak and Ŝmilauer, 2002).  
To further compare limnological and biogeochemical conditions between the highly 
disturbed WAP 20 and the LDCF ponds (WAP 1-19), the distribution of values for the LDCF 
ponds were compared using boxplots with values from WAP 20 for the three sampling 
periods. One-sample t-tests were used to determine if the mean value of each variable in the 
LDCF ponds differs from the value obtained at WAP 20. These tests were performed for 
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each of the three sampling periods using SPSS version 20, and alpha was set at 0.05. 
Interquartile ranges (IQR) were also calculated using SPSS version 20 in order to provide 
information on the variability of data. Spearman Rank correlations were used to assess trends 
over time for pH and DIC.  
 
3.4 Results  
Isotope Hydrology 
During the ice-free season of 2010, seasonal variations in pond water balances did not 
differ substantially between WAP 20 and the LDCF ponds based on water isotope values 
(Figure 3.4). Pond water isotope composition at WAP 20 plots in similar δ18O-δ2H space as 
the median values for the LDCF ponds during each of the corresponding three sampling 
periods in 2010 (June δ18O: -10.1‰ and -10.4‰, δ2H: -87.6‰ and -82.7‰; July δ18O: -6.2‰ 
and -6.2‰, δ2H: -66.7‰ and -67.1‰; September δ18O: -12.6‰ and -11.1‰, δ2H: -94.5‰ 
and -89.2‰; WAP 20 and LDCF, respectively). Pond waters were more isotopically-depleted 
in the spring and fall, compared to summer values, and mostly plotted above the Local 
Evaporation Line (LEL), likely owing to the influence of rainfall. During the summer, waters 
became more isotopically-enriched in the LDCF ponds and WAP 20 and exceeded δSSL, the 
terminal basin steady-state value, indicating marked mid-summer evaporation and pond-level 
drawdown. Substantial evaporation was noted throughout the coastal fen ecotype between 
June and July, and four ponds within our original study set (WAP 3, 10, 11 and 12) 
desiccated during this time.  
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Multivariate Analysis: Limnology and Carbon Isotope Measurements 
Multivariate ordination by PCA was used to assess similarities and differences in 
seasonal patterns of variation in limnological conditions and C isotope biogeochemistry 
between WAP 20 and the LDCF ponds (Figure 3.5). The first two PCA axes explained 
59.9% of the total variation in the measured limnological variables and C biogeochemistry. 
Axis 1 explained 34.8% and separated sample scores mainly based on seasonal changes in C 
biogeochemistry (δ13CDIC, DIC concentration), pH and alkalinity. Axis 2 captured 25.1% of 
the variation and separated samples mainly based on variations in concentrations of nutrients 
(TP, TKN) and chlorophyll a. For the LDCF ponds, sample scores in June generally 
clustered in the lower left quadrant, associated with relatively high pH, low concentrations of 
DIC, DOC and TKN, and low values of alkalinity, CO2 saturation and δ
13
CDIC. In June, 
limnological conditions of LDCF ponds differed markedly from those at WAP 20, based on 
clear separation of the sample score for WAP 20 from the median of the sample scores for 
the LDCF ponds. The sample score for WAP 20 was positioned centrally within the 
ordination plot, representing more moderate values of all the variables relative to the LDCF 
ponds. In July, even greater limnological differences occurred between WAP 20 and the 
LDCF ponds. At this time, WAP 20 possessed higher concentrations of nutrients (TP, TKN), 
chlorophyll a and δ13CPOM than all but one of the LDCF ponds (WAP 8, which had high 
[13.9 µg L
-1
] chlorophyll a values compared to other ponds). The highest amount of 
variability among LDCF ponds occurred in July, as illustrated by the wide dispersal of 
sample scores along PCA axes 1 and 2. By September, differences in the distribution of 
limnological and biogeochemical variables between WAP 20 and the LDCF ponds lessened 
considerably, as indicated by the relatively close positioning of sample scores for most of 
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ponds (including WAP 20) towards the lower right quadrant. Sample scores during this time 
were associated with lower nutrient concentrations, pH and δ13CPOM, and higher DIC 
concentrations, alkalinity, CO2 saturation and δ
13
CDIC compared to July.  Overall, the position 
of the sample scores identified that both differences and similarities existed in the seasonal 
progression of limnological and biogeochemical conditions between WAP 20 and the LDCF 
ponds.  
 
Univariate Analyses: Water-chemistry Variables 
 Use of boxplots (Figure 3.6) and one-sample t-tests (Table 3.1) allowed more detailed 
assessment of the similarities and differences in the values and seasonal patterns of variation 
in water chemistry variables between WAP 20 and the LDCF ponds. Generally, the boxplots 
illustrate that concentrations of TKN, TP, DOC (except September) and chlorophyll a at 
WAP 20 were within the range of values at the LDCF ponds (Figure 3.6a-d). However, two 
interesting patterns were observed. First, concentrations of TKN and DOC at WAP 20 were 
near the upper range of the LDCF ponds, but chlorophyll a concentrations at WAP 20 were 
not elevated. In fact, chlorophyll a was near the lower range for the LDCF ponds in June and 
September of 2010.  Second, WAP 20 and the LDCF ponds had different seasonal patterns of 
variation in TP concentration. Additional details are presented below.  
In June, the range of TKN concentrations in the LDCF ponds was relatively small 
(IQR: 0.4 mg L
-1
) and the median concentration (0.54 mg L
-1
) was low (Figure 3.6a). At 
WAP 20, TKN concentration was 1.01 mg L
-1
, which approached the 90
th
 percentile of the 
LDCF ponds and differs significantly from the mean of the LDCF ponds (Table 3.1). 
Between June and July, TKN concentration increased (median = 1.32 mg L
-1
) in the LDCF 
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ponds and variability rose as shown by a larger interquartile range (0.8 mg L
-1
). TKN 
concentration also rose at WAP 20 (2.28 mg L
-1
), to a value slightly above the 75
th
 percentile 
of the LDCF ponds. By September, TKN concentrations declined, the IQR remained similar 
(0.9 mg L
-1
) and the concentration at WAP 20 (0.69 mg L
-1
) was close to the median of the 
LDCF ponds (0.64 mg L
-1
).  
Seasonal patterns of DOC concentration were similar to the patterns for TKN 
concentration for both WAP 20 and the LDCF ponds, with lower concentrations in June 
followed by increased values in July and declines between July and September (Figure 3.6b). 
However, mean DOC concentrations for the LDCF ponds were significantly lower than the 
values at WAP 20 for all three sampling periods (Table 3.1; Fig. 6b). In June, both WAP 20 
(11.0 mg L
-1
) and the LDCF ponds (median: 6.0 mg L
-1
) had low concentrations compared to 
the rest of the season. Variability of DOC concentrations among the LDCF ponds was small 
in June (IQR: 4.7 mg L
-1
), and the concentration at WAP 20 was close to the 90
th
 percentile 
of the LDCF ponds. Increased concentrations were observed for both WAP 20 (21.6 mg L
-1
) 
and the LDCF ponds (median 11.1 mg L
-1
) in July. Also in July, a larger range of 
concentrations was observed for the LDCF ponds (IQR: 6.4 mg L
-1
), and the DOC 
concentration at WAP 20 again approached the 90
th
 percentile of the LDCF ponds. In 
September, DOC concentrations declined to values similar to those in June (13.6 mg L
-1
 and 
9.8 mg L
-1
; WAP 20 and LDCF medians, respectively). Additionally, the LDCF ponds had a 
narrower range of DOC concentrations in September (IQR: 1.8 mg L
-1
), and the 
concentration at WAP 20 was slightly above the maximum value of the LDCF ponds.  
In contrast to TKN and DOC, water-column concentrations of chlorophyll a were not 
elevated in WAP 20 compared to the LDCF ponds throughout the ice-free season (Figure 3.6, 
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part c). In June and September, chlorophyll a concentrations were low in the LDCF ponds 
(median: 1.9 µg L
-1
 and 1.6 µg L
-1
, respectively) and spanned a relatively narrow range (June 
IQR: 1.8 µg L
-1
; September IQR: 2.2 µg L
-1
).  At these times, chlorophyll a concentrations at 
WAP 20 (1.1 µg L
-1
 and 0.7 µg L
-1
, respectively) were near the 10
th
 percentile and 
significantly lower than the mean of the LDCF ponds (Table 3.1). Maximum chlorophyll a 
values occurred in July for both WAP 20 and the LDCF ponds, and the value at WAP 20 was 
close to the median value for the LDCF ponds (3.2 µg L
-1
 and 3.0 µg L
-1
, respectively), while 
the IQR remained similar (2.2 µg L
-1
). 
For the LDCF ponds, relatively low TP concentrations in June (median: 4.0 µg L
-1
; 
IQR: 9.0 µg L
-1
) were followed by an increase in July (median: 12.0 µg L
-1
), with a marked 
increase in range (from <0.5 µg L
-1
 to 69.0 µg L
-1
; IQR: 18.0 µg L
-1
; Figure 3.6, part d). In 
September, TP concentrations declined in the LDCF ponds (median: <0.5 µg L
-1
) and there 
was a much narrower range of values (IQR: 0.0 µg L
-1
). In contrast, TP concentration 
decreased from June to July (13.0 µg L
-1
 and 10.0 µg L
-1
, respectively) at WAP 20, 
corresponding to a decline from the 75
th
 percentile of the LDCF ponds in June to the 25
th
 
percentile in July, and then declined more substantially between July and September (to <0.5 
µg L
-1
, a value similar to the median of the LDCF ponds). Although, seasonal patterns in TP 
differed, one-sample t-tests only indicate a significant difference in June between the mean of 
the LDCF ponds and the value for WAP 20 (Table 3.1). 
  
Univariate Analysis: Variables Related to Carbon Isotope Behaviour 
In contrast to broadly similar patterns of seasonal variation in pond-water 
concentrations of TKN, DOC and chlorophyll a, seasonal behaviour of variables associated 
70 
 
with C biogeochemistry differed markedly between WAP 20 and the median of the LDCF 
ponds. For example, seasonal trajectories of change in DIC concentration differed between 
WAP 20 and the LDCF ponds (Figure 3.6e). Although values at WAP 20 were within the 
range of the LDCF ponds for all three sampling periods, WAP 20 was the only pond where 
DIC concentrations did not increase between June and July, as demonstrated by a strong rise 
of DIC between June and July for the LDCF ponds (rs(28)=0.697, p = 1.870x10
-5
). In June, 
WAP 20 had a higher DIC concentration than the 90
th
 percentile of the LDCF ponds (WAP 
20: 20.1 mg L
-1
 and LDCF median: 13.2 mg L
-1
; IQR: 6.9 mg L
-1
) and this value is 
significantly different from mean of the LDCF ponds (Table 3.1). In July, the median DIC 
concentration in the LDCF ponds increased by ~7.8 mg L
-1
 (range 3.6-15.6mg L
-1
; IQR: 8.4 
mg L
-1
), whereas the DIC concentration remained relatively constant (19.8 mg L
-1
) at WAP 
20 and fell within the 25
th
 and 50
th
 percentile of values for the LDCF ponds. Between July 
and September, both the range (IQR: 6.7 mg L
-1
) of DIC concentrations and the median value 
(21.3 mg L
-1
) remained similar at the LDCF ponds. In contrast, DIC concentration increased 
at WAP 20 between July and September, to 25.8 mg L
-1
, a value near the 75
th
 percentile of 
the LDCF ponds.  
From June to July, pH declined in all the LDCF ponds that are supported by a 
significant negative trend (rs (45) = -0.805, p=2.671x10
-11
), but in July, pH was significantly 
higher in WAP 20 compared to the mean for the LDCF ponds (Figure 3.6; part f; Table 3.1).  
In June, both WAP 20 and the LDCF ponds possessed similar pH values (9.2 and 9.1; WAP 
20 and LDCF median, respectively). Between June and July, pH declined only slightly at 
WAP 20 (9.2 to 9.0, respectively), whereas median pH declined more strongly in the LDCF 
ponds (9.2 to 8.5).  In the LDCF ponds, the range of pH values in July declined to below the 
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25
th
 percentile of the values measured in June. In the LDCF ponds, pH continued to decline 
between July and September (median 8.2), with the 75
th
 percentile value in September falling 
below the 25
th
 percentile from July. At WAP 20, pH declined to 8.4 in September, which was 
slightly above the 75
th
 percentile of the LDCF ponds. The variability of pH in the LDCF 
ponds was similar in June, July, and September (IQR: 0.2, 0.2, and 0.3, respectively). 
Measurements of the C isotope composition of DIC revealed unique seasonal C 
behaviour in WAP 20 compared to the LDCF ponds (Figure 3.6, part g). In June, the δ13CDIC 
value at WAP 20 was similar to the median value for the LDCF ponds (-3.9‰ and -4.0‰, 
respectively). At this time, the LDCF ponds spanned a relatively broad range of δ13CDIC 
values, (-7.6‰ to -0.3‰; IQR: 3.0‰). In July and September, there was a large divergence 
in the seasonal pattern of change in δ13CDIC between WAP 20 and the LDCF ponds, and the 
mean for the LDCF ponds differed significantly from the value at WAP 20 (Table 3.1). 
Median δ13CDIC values of the LDCF ponds increased throughout the ice-free season (July: -
3.2‰ and September: -2.5‰). All but three of the LDCF ponds showed this pattern. Those 
three LDCF ponds showed only small decreases between June and July (0.4 to 1.1‰). In 
contrast, the δ13CDIC of WAP 20 decreased sharply between June and July (to -7.3‰). The 
δ13CDIC increased between July and September (to -6.1‰) as was observed in the LDCF 
ponds. In July, the interquartile range of δ13CDIC values in the LDCF ponds was more narrow 
(IQR: 2.0‰), but the overall range was large due to occurrence of ponds with more extreme 
minimum (WAP 13: -6.8‰) and maximum (WAP 9: 0.1‰) values. Despite the large range, 
the July δ13CDIC value for WAP 20 fell below the minimum value for the LDCF ponds. And, 
δ13CDIC at WAP 20 remained below the range of the LDCF ponds in September (IQR: 2.6‰).  
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Seasonal patterns for δ13CPOM were similar at WAP 20 and the LDCF ponds, but 
larger changes occurred between sampling episodes for WAP 20. (Figure 3.6, part h). In 
June, δ13CPOM at WAP 20 fell within the range of LDCF ponds (-23.5‰ and -25.4‰, 
respectively). Between June and July, δ13CPOM increased by 3.3‰ to -20.3‰ in WAP 20. In 
contrast, the median value of the LDCF ponds increased only slightly. Also, the range of 
values for the LDCF ponds was wider in July (IQR: 3.4‰) than in June (IQR: 2.4‰), and 
δ13CPOM at WAP 20 was near the 90
th
 percentile of the LDCF ponds.  The mean for the 
LDCF ponds was significantly lower than the value at WAP 20 in July (Table 3.1). In 
September, δ13CPOM decreased substantially (to -32.1‰) in WAP 20, whereas the decline was 
more muted at the LCDF ponds (median: -27.0‰). In September, the range of δ13CPOM 
values declined in the LDCF ponds (IQR: 1.8‰), and δ13CPOM at WAP 20 fell well below the 
minimum value of the LDCF ponds.  
The patterns of seasonal change in C isotope fractionation (Δ13CDIC-POM; Figure 3.6i) 
also differed markedly between WAP 20 and the LDCF ponds. C isotope fractionation did 
not change appreciably for most of the LDCF ponds during the 2010 sampling season, as 
evidenced by the large amount of overlap among interquartile ranges in June, July and 
September, and the comparable amount of variation (3.0‰, 4.6‰ and 3.3‰, respectively) 
and median values (21.8‰, 23.5‰ and 24.0‰, respectively). In contrast, Δ13CDIC-POM 
declined significantly in July at WAP 20 (June: 19.7‰, July: 13.0‰ and September: 25.9‰; 
Table 3.1) to well below the minimum value in July at the LDCF ponds. 
In June, all ponds were under-saturated for CO2 with little variability (CO2 saturation 
= 0.2 and 0.1 for WAP 20 and median LDCF ponds, respectively; IQR: 0.1; Figure 3.6j). In 
July, all of the LDCF ponds had increased values for CO2 saturation and the majority (9 out 
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of 15) were supersaturated in CO2 (median value 1.3). The range of values also increased 
(0.5 at WAP 13 to 5.7 at WAP 2; IQR: 0.8). In contrast, WAP 20 remained under-saturated 
in CO2 in July and its value was significantly different from the mean of the LDCF ponds 
(Table 3.1) with a CO2 saturation value (0.3) similar to that measured in June. In September, 
the majority (11 out of 15) of the LDCF ponds were supersaturated in CO2 (median value 
1.4; IQR: 1.4) and CO2 saturation in WAP 20 increased to a value similar to the LDCF ponds 
(1.3). 
 
3.5 Discussion 
During the past ~40 years, WNP has witnessed a rapid increase in the LSG population 
and an expansion of the geographic region they inhabit within the coastal fen ecotype (Figure 
3.1, 3.2).  Their activities have disturbed vegetation and soils (e.g., Srivastava and Jefferies, 
1996; Jefferies et al., 2004; Abraham et al., 2005ab; Jefferies et al., 2006). Knowledge of 
their effects on coastal ponds within WNP is lacking but important for determining the 
consequences of this changing wildlife population. Previous limnological studies of 
waterfowl disturbance in Arctic freshwater ecosystems have relied mainly on single, point-
in-time or ‘snapshot’ sampling, or paleolimnological records to characterize their effects on 
the concentration of major nutrients and phytoplankton biomass (e.g., P, N, chlorophyll a; 
Mallory et al., 2006; Keatley et al., 2009; 2011; Côte et al., 2010; Sun et al., 2013). To date, 
few, if any, studies have employed multiple sampling over seasonal timescales or C isotope 
measurements. As we discuss below, C isotope measurements were in fact more informative 
than standard limnological measurements, because they effectively capture marked 
differences in C behaviour in the pond affected by LSG activities compared to those with 
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little to no LSG activity. We also demonstrate that it is important to track seasonal changes in 
pond hydrology, nutrient concentrations and C isotope behaviour in order to disentangle 
effects of LSG activity from those caused by seasonally fluctuating meteorological and 
hydrological changes, because LSG activity exerted the strongest influence on limnological 
and biogeochemical conditions in mid-summer whereas hydroclimatic controls were more 
prevalent during June (due to snowmelt) and September (due to late summer rain). Notably, 
concentrations of major nutrients (TKN, TP, DOC) at WAP 20, the pond with extensive LSG 
activity, were not outside the range of values measured at the LDCF ponds during the ice-
free season of 2010 (except for DOC in September). Instead, LSG activities affected most 
strongly patterns of change in C cycling, pH and TP concentrations between early-June and 
late-July, when biological activity increased between ice-off and mid-summer. Thus, a key 
recommendation is that detection of differences between ponds with and without extensive 
LSG activity requires a sampling regime that captures temporal variations of both 
limnological and biogeochemical conditions over the course of the ice-free season.  
 
Carbon Isotope Dynamics  
At the 15 ponds with little to no LSG activity, δ13CDIC values increased over the 
course of the ice-free season (Figure 3.6, part g). As summer progressed, aquatic primary 
productivity increased, which caused an increase in the 13CDIC due to preferential use of 
12
C 
by algae during photosynthesis (e.g., Quay et al., 1986; Keeley and Sandquist, 1992; 
Wachinew and Rozanski, 1997). Thus, the increase in δ13CDIC values that occurred between 
June and July in the LDCF ponds likely reflects an increase in primary productivity under 
conditions where C supply exceeded C demand. This is supported by the increase in DIC 
75 
 
concentrations that occurred between June and July in the LDCF ponds, which indicate 
ample supply of DIC to meet demands by photosynthesis. And, it is consistent with the 
modest rise in phytoplankton biomass in the ponds between June and July, as estimated by 
pond-water chlorophyll a concentration.  The source of the DIC to the ponds is not clear, but 
likely came from decomposition in the pond sediments, which would have been warmer in 
July compared to June. The import of DIC from the catchment is unlikely as the ponds were 
drying and no surface inflow was observed at that time. Additionally, C isotope fractionation 
values were consistently around -20‰ throughout the ice-free season in the LDCF ponds, 
which are expected when there is sufficient dissolved CO2 to support aquatic photosynthesis 
(e.g., Rau, 1978; Herczeg and Fairbanks, 1987; Bade et al., 2004). 
In sharp contrast to the rise in δ13CDIC values in the LDCF ponds between June and 
July, driven by seasonally increasing aquatic productivity under conditions of adequate C 
supply, δ13CDIC declined sharply between June and July at WAP 20 (Figure 3.6, part g). This 
feature suggests substantially different behaviour of dissolved C cycling at the pond affected 
by marked LSG activity. Such deviation from the characteristic seasonal pattern of 
13
C-
enrichment of DIC under conditions of increasing productivity can occur in certain 
situations. For example, elevated supply of soil-derived isotopically-depleted DIC from the 
catchment can lower δ13CDIC values (Wachinew and Rozanski, 1997). Also, increased net 
respiration of particulate organic carbon can result in increased DIC concentrations, 
decreased pH and consequently a decline in δ13CDIC (Quay et al., 1986; Wachinew and 
Rozanski, 1997). However, elevated supply of soil-derived isotopically-depleted DIC was 
unlikely at WAP 20, because as stated above, the ponds were drying and no surface inflow 
was observed at that time. We note that approximately 90% of rainfall in July occurred prior 
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to July 11 and is unlikely to account for the decline in δ13CDIC as this probably would have 
influenced all of the ponds. Additionally, because pond water levels were lower in July, they 
were likely not receiving substantial input from permafrost thaw. Indeed, four of our twenty 
study ponds desiccated in July. Increased net respiration is also an unlikely explanation as 
this would result in a corresponding increase in DIC concentration, which was not observed 
in this pond (Figure 3.6e).  
We propose an alternative mechanism to explain the sharp decline in δ13CDIC values 
between June and July at WAP 20. Under conditions of high algal production, high C 
demand and high pH, previous studies have identified that strong kinetic C isotope 
fractionation can occur during CO2 invasion from the atmosphere, which causes a decline in 
δ13CDIC (Herczeg and Fairbanks, 1987; Takahashi et al., 1990; Bade et al., 2004). Under these 
conditions, C isotope fractionation will decline substantially from ~20‰ (Rau, 1978; 
Herczeg andFairbanks, 1987), as was observed in WAP 20 (13.0‰; Figure 3.6, part i). This 
process, previously termed ‘chemically-enhanced CO2 invasion’, was initially described by 
Herczeg and Fairbanks (1987) in their isotope study of Mohonk Lake during a cyanobacterial 
bloom. This phenomenon has also been observed in other highly productive temperate lakes 
and ponds (e.g., Emerson, 1975; Takahashi et al., 1990, Bade et al., 2004) and represents a 
plausible explanation for the δ13CDIC decline that occurred between June and July at WAP 20. 
We propose that increased photosynthesis due to the LSG activity generated substantial C 
demand that exceeded dissolved CO2 availability, which subsequently led to strong kinetic C 
isotope fractionation during CO2 invasion. The increased C uptake is likely a consequence of 
high photosynthetic demand by benthic algae (not measured in our study) rather than 
phytoplankton, because phytoplankton biomass (as chlorophyll a concentration) was similar 
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in ponds with and without the waterfowl activity and increased only modestly between June 
and July (see also next section for further details). Also, macrophytes are extremely sparse in 
WAP 20, and cannot account for the C-demand. This description of C behaviour implies that 
WAP 20 was a net C sink during mid-summer, which is further supported by low values of 
CO2 saturation in July indicative of CO2 under-saturation (Figure 3.6, part j).  In contrast, the 
majority (9 out of 15) of the LDCF ponds (and their median value) were super-saturated with 
CO2 at this time and all of the LDCF ponds had CO2 saturation values higher than WAP 20. 
The super-saturated CO2 values in the LDCF ponds may be a consequence of less intense 
algal productivity, sediment degassing or higher rates of respiration than in WAP 20. We 
attribute the rise in δ13CDIC in September at WAP 20 (Figure 3.6, part g) to the reduction in 
the intensity of this process due to lower C demand as temperatures cooled, which is 
consistent with the increase in C isotope fractionation (Figure 3.6, part i). High amounts of 
rainfall and subsequent runoff of comparably isotopically-enriched DIC derived from 
carbonate dissolution may have also contributed to the rise in δ13CDIC in September at WAP 
20 and the LDCF ponds.  
Further support for the interpretation of C isotope dynamics from the δ13CDIC patterns 
is evident in the values of δ13CPOM and their seasonal trends (Figure 3.6h). Both WAP 20 and 
the LDCF ponds depicted similar seasonal patterns of δ13CPOM, with increases between June 
and July, and declines between July and September. This pattern, however, was more striking 
at WAP 20, with both a larger increase between June and July and larger decline between 
July and September compared to the LDCF ponds. The C isotope composition of particulate 
organic matter is dependent on the concentration of dissolved CO2, the degree of productivity 
within a pond and the source of C (O’Leary, 1981; Allen and Spence, 1981; Keeley and 
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Sandquist, 1992). In June, δ13CPOM values were approximately -25‰ in both WAP 20 and the 
LDCF ponds, which are typically observed when there is high availability of dissolved CO2 
allowing ample isotopic fractionation to occur during photosynthesis (Keeley and Sanquist, 
1992). By July, a large increase in δ13CPOM occurred at WAP 20, whereas this value increased 
only slightly at the LDCF ponds. The larger increase in δ13CPOM  at WAP 20 can be attributed 
to higher C demand as evidenced by reduced C isotope fractionation (Figure 3.6i). In 
contrast, ample supply of dissolved CO2 at the LDCF ponds resulted in only slight increases 
in δ13CPOM. Alternatively, the increase in δ
13
CPOM at WAP 20 between June and July may be 
due to bicarbonate uptake. Under conditions of low concentrations of DIC and high pH, as 
was the case for WAP 20, algae may switch from using dissolved CO2 as their main form of 
C to bicarbonate (Deuser et al., 1968; Emrich et al., 1970; Allen and Spence, 1981). 
Bicarbonate is isotopically heavier in C, which would lead to 
13
C-enrichment of POM. By 
September, δ13CPOM values decreased in WAP 20 likely due to lower C demand, increased 
inputs of DIC due to large precipitation events, and/or a switch back to uptake of dissolved 
CO2 to support photosynthesis.  
 
Pond Hydrology and Nutrient Dynamics  
In contrast to the striking differences in the seasonal behaviour of the C isotope 
composition of dissolved inorganic and particulate organic fractions between the LSG-
disturbed pond WAP 20 and LDCF ponds unaffected by LSG population expansion, seasonal 
patterns of variation in basin hydrology (assessed using δ18O, δ2H) and concentrations of 
major nutrients (except TP) and phytoplankton biomass (as chlorophyll a) were broadly 
comparable at all ponds. This finding suggests that the changes in basin hydrology are 
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strongly regulated by a common external driver such as seasonal variations in meteorological 
conditions, rather than differences in the amount of disturbance by LSG populations. In 
northern landscapes, intense seasonality of meteorological conditions can exert strong 
influence on hydrology of tundra ponds, and affect seasonal patterns of change in nutrients 
and aquatic productivity (Sheath, 1986; Lougheed et al., 2011; White et al., 2014). For 
example in the HBL, snowmelt in spring increases connectivity of ponds with the 
surrounding catchment and higher hydrologic inflow increases the transfer of allochthonous 
materials to ponds (e.g., Macrae et al., 2004; Wolfe et al., 2011; White et al., 2014). As the 
ice-free season progresses, these allochthonous inputs supplied in spring may lead to higher 
nutrient concentrations and productivity during summer. Indeed, Macrae (1998) observed 
that snowmelt runoff supplied nutrients to ponds. Then, hydrologic connectivity may decline 
as a result of drier conditions that increase evaporation and reduce overland flow (Macrae, 
1998; Macrae et al., 2004), which can lead to lake-level drawdown and raise nutrient 
concentrations and productivity in ponds of the HBL (Macrae et al., 2004; White et al., 
2014). Conversely, intense episodes of rain in late summer may result in subsequent dilution 
of nutrients and ions (Figure 3.3; White et al., 2014). Such seasonal shifts in meteorological 
conditions appear to have exerted strong influence on pond water balance, nutrient 
concentrations and phytoplankton biomass in all of the study ponds.  For example, increasing 
pond-water isotope values between June and July indicate strong influence of evaporation 
(Figure 3.4).  These changes were concomitant with increases in concentrations of TKN, 
DOC and chlorophyll a in the water column of all the study ponds (Figure 3.6 a-c), likely due 
to evaporative concentration and phytoplankton growth. Increases in these variables can also 
be due to increased allochthonous inputs that occurred in the spring, but there was a low 
80 
 
amount of winter snowfall observed (Figure 3.3). Individual catchment characteristics may 
result in these processes differing among ponds (Wolfe et al., 2011), and, thus, may account 
for the wide range of values observed for concentrations of nutrients, DOC and chlorophyll a 
during July in the LDCF ponds. After mid-July, the ponds experienced a decrease in water 
isotope compositions due to a period of heavy rainfall in August (>double the climate 
normal; Figure 3.3, 4) and, correspondingly, concentrations of nutrients and chlorophyll a 
were diluted in all ponds (Figure 3.6). Similar seasonal changes in nutrient concentrations in 
response to hydroclimatic conditions have also been reported for other shallow ponds in the 
Churchill area (Macrae et al., 2004; White et al., 2014).  
In contrast to TKN, DOC and chlorophyll a, seasonal variation of TP concentration 
differed between WAP 20 and the LDCF ponds (Figure 3.6, part d). TP concentrations rose 
between June and July at the LDCF ponds, but declined at WAP 20 despite modest increase 
in water-column chlorophyll a concentration. A rise in chlorophyll a concentration in the 
water column is typically associated with a coincident increase in TP concentration, because 
phosphorus is contained within the phytoplankton (Wetzel, 2001). Consequently, the decline 
in TP concentration at WAP 20 between June and July, when values increased in the LDCF 
ponds, suggests P demand became greater at WAP 20. As described above, evidence from C 
isotope measurements and pond-water pH indicates that the substantially greater C demand at 
WAP 20 in July was likely driven by higher rates of photosynthesis than occurred at the 
LDCF ponds. The inferred increase in P demand also is likely associated with the elevated 
rates of photosynthesis that produced the C demand. However, phytoplankton productivity 
does not appear to explain the greater demand for C and P at WAP 20, because 
concentrations of chlorophyll a in the water column were comparable at WAP 20 and the 
81 
 
LCDF ponds throughout the ice-free season. Instead, we suggest that stimulation of 
photosynthesis by benthic algae at WAP 20 is a main cause of the increased C and P demand. 
WAP 20 is very shallow (<0.5m), has sparse macrophytes, and so the luxuriant benthic mat 
along the pond bottom has potential to contribute a large fraction of the pond’s total primary 
production. We note that lower-than-expected phytoplankton chlorophyll a concentrations 
have been found in other Arctic lakes and ponds and attributed to benthic productivity (e.g., 
Van Geest et al., 2007; Côté et al., 2010). Moreover, a recent nutrient-enrichment experiment 
that used microcosms containing water from a nearby coastal fen pond, with and without 
surficial pond sediments and associated benthic algal mat, demonstrated that these ponds 
rapidly assimilate additions of dissolved inorganic N (nitrate, ammonia) and P (phosphate) 
when surficial sediments and associated benthic biofilm are present (Eichel et al., 2014). 
Phosphate was taken up more rapidly from the water than inorganic N, and benthic algal 
biomass (as chlorophyll a concentration) became elevated when inorganic N and P were co-
added to the microcosms, but not when N was added alone. Collectively, results of our study 
and the experiment by Eichel et al. (2014) suggest that nutrients supplied by waterfowl 
disturbances (feces, soil erosion) are rapidly taken up by benthic algae, which leads to 
increased demand for C and P. Measurements of benthic chlorophyll a and field-intensive 
nutrient studies would be needed to test this hypothesis. Stimulation of zooplankton grazing 
is another process that may explain the low chlorophyll a concentrations. In temperate 
locations, persistent N-limitation as a consequence of waterfowl disturbance has often been 
reported and has been attributed to the low N:P ratio of bird feces (Manny et al., 1994; Post 
et al., 1998; Olson et al., 2005).  However, in our study the comparable seasonal changes in 
TKN concentration between WAP 20 and the LDCF ponds suggest that demand for N is 
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lower than demand for P. Other studies have also found significant alteration of phosphorus 
dynamics by waterfowl activities in both Arctic (e.g., Keatley et al., 2009; Côté et al., 2010) 
and temperate locations (e.g., Manny et al., 1994; Post et al., 1998). Consequently, seasonal 
measurements of TP concentration appear to provide a more effective measure of the effects 
of the LSG disturbance on coastal fen ponds compared to measurements of TKN or 
chlorophyll a concentrations. However, based on our case study, C-isotope measurements 
appear to provide the clearest distinction between WAP 20 and the LDCF ponds.   
 
3.6 Concluding Remarks 
During the past ~40 years, coastal regions of WNP have witnessed exponential 
increases in the LSG population and the geographic range of their nesting area. Concerns 
have been mounting regarding their effects on the abundant shallow ponds (Parks Canada, 
2000). We used hydrolimnological and C isotope measurements, as well as seasonal 
sampling, to evaluate the influence of LSG population on a disturbed pond. We showed that 
when comparing nutrient concentrations between the highly LSG-disturbed pond WAP 20 
and the 15 LDCF ponds, hydrolimnological measurements can identify only small 
differences which are difficult to attribute conclusively to activities of LSG. In contrast, C 
isotope measurements reveal distinctive C dynamics over the course of the ice-free season in 
WAP 20 compared to the LDCF ponds. Our data suggest that increased nutrient supply from 
the LSG activities at WAP 20 resulted in a shift in C dynamics compared to the LDCF ponds. 
We propose that ‘chemically-enhanced CO2 invasion’ occurred at WAP 20 when elevated 
nutrient supply was quickly assimilated and this stimulated intense mid-summer C demand 
by benthic algae in the presence of high pH. Consequently, WAP 20 remained as a net sink 
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of C during mid-summer. In contrast, at the ponds with little to no LSG activity, CO2 
saturation values increased and the majority became net sources of CO2 to the atmosphere by 
mid-summer. Knowledge of patterns of seasonal change in this study was important to 
determine how LSG populations may alter pond ecosystems.  
Further studies are required to test whether the unique C behaviour at WAP 20 is 
evident in other LSG-affected ponds and the persistence of these patterns over multiple years 
under varying hydroclimatic conditions.  Disentangling the roles of hydroclimatic variability 
and waterfowl disturbance is challenging and future studies should employ methods that 
include both seasonal sampling and measurements of C isotope composition of both 
dissolved inorganic and particulate organic fractions. Conventional limnological 
measurements of nutrient concentrations on a single visit may not capture waterfowl 
disturbance because of the potential for rapid uptake by the benthic mat. Ongoing 
contemporary and paleolimnological research throughout WNP aims to further identify 
linkages among hydrological, limnological and biogeochemical (C isotopic geochemistry and 
greenhouse gas fluxes) conditions and provide information on the expected trajectories of 
this dynamic landscape in the context of continued changes in climatic conditions and 
wildlife populations.  
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3.8 Figures 
 
 
Figure 3.1: Location of Wapusk National Park (Manitoba, Canada) and the distribution of the 
16 ponds sampled for this study. Sampled pond ‘20’ (referred to as WAP 20 in the text, 
58.6700° N, 93.4437° W) is situated in an area of high disturbance by lesser snow geese 
(LSG). Gray regions in the four panels on the map depict the geographic limits of the LSG 
population distribution (data provided by Parks Canada, 2010). 
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Figure 3.2: Top photographs depict ponds from the coastal fen ecotype of Wapusk National 
Park with low disturbance from the Lesser Snow Goose population (panels a and b). Bottom 
photographs are from pond WAP 20 (panels c and d), which has evidence of high disturbance 
from the LSG population. Graph in panel (e) was taken from data available in Abraham et al. 
(2005b) on the Mid-Winter Index of Lesser Snow Geese and Ross’s geese from 1950-2003. 
The solid line is a 3-year running average. 
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Figure 3.3: Comparison of average monthly (a) temperature and (b) precipitation at 
Churchill, Manitoba (1971-2000) (Environment Canada, 2010). 
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Figure 3.4: δ18O-δ2H graph showing the seasonal trajectory of median water isotope 
compositions for the LDCF ponds (grey squares, dashed line) and WAP 20 (black triangles, 
solid line) with respect to the Global Meteoric Water Line (GMWL; Craig, 1961) and the 
Local Evaporation Line for the Churchill region as reported in Wolfe et al. (2011). 
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Figure 3.5: Principal components analysis (PCA) ordination biplot to compare limnological 
and biogeochemical conditions in WAP 20 (triangles) and the LDCF ponds (small circles) 
from the three sample periods in 2010. Vectors with solid lines represent active variables in 
the PCA, whereas vectors with dashed lines represent variables added passively. Lines 
connect sample scores for WAP 20 (triangles and solid line) and the median for the 15 LDCF 
ponds (squares, dashed lined) to assess seasonal patterns of change in the limnological 
variables with and without extensive Lesser Snow Goose activity, respectively. 
 
  
90 
 
 
91 
 
Figure 3.6: Boxplots depicting seasonal changes in (a) TKN concentration, (b) DOC 
concentration, (c) Chlorophyll a concentration, (d) TP concentration, (e) DIC concentration, 
(f) pH, (g) δ13CDIC, (h) δ
13
CPOM, (i) Δ
13
CDIC-POM and (j) CO2 saturation. The boxes identify the 
25
th
 percentile, median value and 75
th
 percentiles for the low disturbance coastal fen (LDCF) 
ponds.  The whisker bars represent the 10
th
 and 90
th
 percentile, the solid black circles 
represent the maximum and minimum values observed for the LDCF ponds, and asterisks 
represent outliers. Black squares represent the mean seasonal value for the LDCF ponds. 
Black triangles joined by the solid line represent the values for WAP 20. 
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3.9 Tables 
 
Table 3.1: Results of one-sample t-tests which compare the mean value of water chemistry 
variables from the LDCF ponds with the value obtained at WAP 20. Comparisons are 
presented for all three sampling episodes (June, July, September). 
 
 
June July September 
 
t-statistic P value t-statistic P value t-statistic P value 
TKN (mg L
-1
) -2.551 0.023 -1.810 0.092 1.658 0.121 
DOC (mg L
-1
) -5.938 3.621x10
-5
 -3.621 0.003 -9.317 2.228x10
-7
 
Chl a (µg L
-1
) 3.513 0.003 1.406 0.181 3.429 0.004 
TP  
(µg L
-1
) -3.797 0.002 2.001 0.065 1.389 0.188 
DIC (mg L
-1
) -6.483 1.443x10
-5
 1.702 0.111 -1.909 0.077 
pH -1.849 0.086 -9.041 3.208x10
-7
 -1.707 0.11 
δ13CDIC 
(‰VPDB) -0.885 0.391 6.979 6.471x10-5 9.055 3.148x10-7 
δ13CPOM 
(‰VPDB) -1.669 0.117 -4.954 3.343x10-4 13.305 -2.458x10-9 
Δ13CDIC-POM 
(‰VPDB) 0.899 0.384 12.016 7.614x10-7 -3.908 0.002 
CO2 Saturation -3.310 0.05 3.590 0.003 1.108 0.286 
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Chapter 4: Limnological regime shifts caused by climate warming and Lesser Snow 
Goose population expansion in the western Hudson Bay Lowlands (Manitoba, Canada) 
 
4.1 Introduction  
Shallow lakes and ponds are abundant in Subarctic and Arctic regions and provide 
important habitat and resources for a variety of wildlife and human populations. Due to their 
small water volumes and high surface area to volume ratios, they are particularly responsive 
to multiple environmental stressors, which may lead to limnological regime shifts or rapid 
transition to a new suite of limnological conditions. Climate warming and changes in avian 
populations have the potential to influence catchment vegetation, nutrient supply, aquatic 
productivity and habitat (e.g., Van Geesr et al., 2007; Côté et al., 2010; MacDonald et al., 
2014; Luoto et al., 2014). For example, warming has caused reorganization of diatom 
communities in Arctic lakes by promoting a shift in dominance from benthic species to 
epiphytic or planktonic species as recorded in sediment cores (e.g., Douglas et al., 1994; 
Sorvari et al., 2002; Rühland et al., 2003, 2013, 2014; Smol et al., 2005). The influence of 
avian populations has also been identified as a driver of regime shifts in Subarctic and Arctic 
lakes and ponds (e.g., Luoto et al., 2014), and they have long been recognized to cause 
disturbance in other habitats (e.g., terrestrial landscapes, salt marshes; Jefferies et al., 2006; 
Kotanen and Abraham, 2013). Notably, in Subarctic and Arctic regions experiencing the dual 
effects of climate warming and changes in avian populations, few studies have 
comprehensively examined and discriminated limnological responses to these stressors, yet 
this knowledge is required to assess the status of aquatic resources and to anticipate how they 
may evolve in the future. 
Wapusk National Park (WNP; Manitoba, Canada; Figure 4.1), western Hudson Bay 
Lowlands, offers opportunity to examine potential limnological regime shifts in response to 
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changes in climate and avian populations in a Subarctic setting. Shallow lakes and ponds 
cover ~25 to 40% of the surface area, which provide important habitat for wildlife (Parks 
Canada, 2008). The climate of the Churchill region has warmed during the past century, and 
climate models predict that mean annual temperatures will increase by 3.1°C by 2070 
(Macrae et al., 2014). Since the ~1970s, a rapid increase in the Lesser Snow Goose (LSG; 
Chen caerulescens caerulescens) population (geometric increase of 5-7% per year; Batt et al., 
1997; Jefferies et al., 2006) and spatial extent of breeding grounds in the coastal region of 
WNP has disturbed the landscape and caused substantial changes in vegetation and habitat in 
the tidal flats (Figure 4.1, 4.2; e.g., Iacobelli and Jefferies, 1991; Srivastava and Jefferies, 
1996; Handa et al., 2002; Jefferies and Rockwell, 2002; Jefferies et al., 2006). With the 
expansion in breeding grounds, the LSG have moved farther inland, and their activities 
(grubbing and the removal of grasses, construction and occupation of nests, and deposits of 
feces) are now evident in catchments of many ponds within the coastal fen ecotype of WNP. 
Parks Canada (2008) has recognized that climate change and the expanding LSG population 
are potentially altering the ecological integrity of lakes and ponds within WNP. While prior 
limnological studies in WNP and in the Churchill area have focused on seasonal and short-
term investigations (Macrae et al., 2004; Bos and Pellatt, 2012; Eichel et al., 2014; 
MacDonald et al., 2014; White et al., 2014), sediments in these ponds contain a rich source 
of paleoenvironmental information (Wolfe et al., 2011; Bouchard et al., 2013) that has yet to 
be fully exploited to provide a temporal perspective of shifting limnological conditions. 
Here, we integrate paleolimnological analyses, which provide insight into ~250 years 
of limnological evolution, with three years of water chemistry measurements, to disentangle 
the limnological responses and identify regime shifts associated with climate warming and 
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LSG population expansion in WNP. We compare three ponds located within the coastal fen 
ecotype including ‘WAP 20’ and ‘WAP 21’, whose catchments are strongly disturbed by 
LSG based on recent field observations, and ‘WAP 12’, which has no visual evidence of 
recent LSG disturbance. Findings are used to elucidate the influence of warming and 
increasing LSG population over time through a suite of limnological and paleolimnological 
indicators that can be used by agencies to monitor the ongoing consequences of these 
stressors on aquatic ecosystems.  
 
4.2 Materials and Methods  
Study Area  
The coastal fen ecotype covers ~11% of WNP (Parks Canada, 2000). Here, the 
terrestrial vegetation consists mainly of graminoids, sedges (Carex aquatilis), and rushes 
(Scorpidium scorpoides and Scirpus caespitosus). The study ponds WAP 20 and WAP 21 are 
situated in catchments located within an area of the coastal fen ecotype subjected to the 
longest observed occupation by LSG (since ~1979; Figure 4.1). Within their catchments, we 
observed abundant deposits of feces, nests, geese eggs, substantial grubbing, and vegetation 
loss during sampling campaigns in 2010-2012 (Figure 4.2). In contrast, WAP 12, also located 
in the coastal fen ecotype, had little to no visual evidence of LSG disturbance, and is 
positioned outside of the disturbed area identified in 2008 maps developed by Parks Canada 
(Figure 4.1). WAP 20 and WAP 21 are within 1 km of one another and WAP 12 is located 
~29 km from WAP 20 and WAP 21. As all three ponds are located within the same 
geographic region, we assume they are subject to similar climatic conditions. All three ponds 
are small (<0.30 km
2
), shallow (<0.5 m deep), and are situated in low-relief terrain consisting 
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of sand to stony silt marine/glaciomarine deposits from the former Tyrrell Sea overlain by 
muskeg (Dredge and Nixon, 1986). 
 
Limnology 
Surface water was collected from the ponds during the spring (early-June), summer 
(late-July), and fall (mid-September) during 2010-2012. Average values for each sampling 
period (June, July and September) are reported here. All samples were transported to the 
Churchill Northern Studies Centre (CNSC) via helicopter for on-site processing. In situ 
measurements for pH and conductivity were taken at approximately 10- to 15-cm water 
depth using a YSI 600QS multi-parameter probe. Surface water samples collected at each site 
were passed through an 80-μm mesh to remove large particles and then stored in the dark at 4 
°C until they were sub-sampled for subsequent analyses. Samples were measured for a suite 
of limnological analyses. Here, we report selected variables based on the findings of 
MacDonald et al. (2014). These include concentration of total Kjeldahl nitrogen (TKN) 
measured at the Biogeochemistry Lab, University of Waterloo, following standard methods 
(TKN = Bran Luebbe, Method No. G-189-097; Seal Analytical, Seattle, USA). Carbon 
isotope composition of dissolved inorganic carbon (δ
13
CDIC) was measured on water samples 
collected using 125 ml glass serum bottles with rubber stoppers and syringe needles to expel 
excess air at field sites. These samples were stored at 4 °C until analysis at the University of 
Waterloo – Environmental Isotope Laboratory (UW-EIL). Samples for the measurement of C 
isotope composition of particulate organic matter (δ13CPOM) were collected using a 
phytoplankton net (mesh size = 25 µm) and multiple horizontal tows. After collection, 
samples were passed through a 63-µm mesh net to remove zooplankton and other large 
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particles, filtered onto pre-ashed Whatman® quartz filters (0.45-µm pore size) and dried at 
60 °C for 24 hours in an oven. 12N HCl fumes were then used to remove carbonates from the 
filters following methods of Lorrain et al. (2003). The acidified filters were analysed for 
δ13CPOM at the UW-EIL. Stable C isotope ratios are reported as δ
13C (‰) relative to the 
Vienna-PeeDee Belemnite (VPDB) standard. The C isotope fractionation factor was 
estimated from the difference between δ13CDIC and δ
13
CPOM (i.e., Δ
13
CDIC-POM; Fry, 2006). 
 
Collection of Pond Sediment Cores 
Sediment cores were retrieved from the centre of the study ponds using a hand-driven 
rod attached to an open-barrel corer (Glew et al., 2001) in late July 2010 from WAP 20 (core 
2: 13.0-cm long, core 3: 15.0-cm long and core 5: 14.5-cm long) and WAP 21 (33.5-cm 
long), and in September 2011 from WAP 12 (core 1: 25-cm long; core 2: 22.5-cm long). All 
cores were transported to the CNSC via helicopter, sectioned into 0.5-cm intervals using a 
vertical extruder (Glew, 1988) and stored at 4 °C in the dark during shipping and until 
analysis. Table 4.1 indicates the sampling strategy employed to ensure there was sufficient 
material for analysis of all parameters for each pond.  
 
Loss-on-Sequential Heating 
Sub-samples of ~0.3±0.05 g of wet sediment were analysed to determine water 
content, organic matter content, and carbonate content by conducting weight loss-on-heating 
(90 °C for 24h), loss-on-ignition (LOI; 550 °C for 1 h), and loss-on-combustion (LOC; 950 
°C for 1 h), respectively, following standard methods (Heiri et al., 2001). Mineral matter 
content was also determined using the residue after LOC.  
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Sediment Core Chronology 
To develop the sediment core chronologies, subsamples of dried sediment were 
analysed for at least two days for activities of 
210
Pb, 
226
Ra (as 
214
Bi and 
214
Pb), and 
137
Cs 
using an Ortec co-axial HPGe Digital Gamma Ray Spectrometer (Ortec #GWL-120-15) 
interfaced with Maestro 32 software (version 5.32) at the University of Waterloo 
Environmental Change Research (WATER) Laboratory. Polypropylene tubes (8 ml; 
SARSTEDT; product No. 55.524) were used to pack measured masses of freeze-dried 
sediment, which were then allowed to equilibrate for at least two weeks before analysis. 
Chronologies were developed using the Constant Rate of Supply (CRS) model (Appleby, 
2001). The mean activity of 
214
Bi and 
214
Pb were used to estimate background (supported) 
210
Pb activity. Activity of 
137
Cs, which often forms a distinctive peak corresponding to 
maximum atmospheric fallout from above-ground nuclear weapons testing in 1963 (Appleby, 
2001), was used as an independent time marker.  
 
Geochemical Analysis of Sediment Cores 
Subsamples were prepared for geochemical analysis following standard methods 
described by Wolfe et al. (2001). Subsamples of wet sediment were treated with 10% HCl to 
remove carbonates, and subsequently rinsed repeatedly with de-ionized water until a neutral 
pH was reached. The samples were then freeze-dried, and the fine fraction (<500 µm) was 
analysed for organic C and N elemental and isotope composition at the UW-EIL. The C to N 
ratio was calculated using percent dry weight of organic C and N. Stable C and N isotope 
ratios are reported as δ13Corg (‰) units relative to the Vienna-Peedee Belemnite (VPDB) 
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standard and δ15N (‰) units relative to atmospheric N (AIR), respectively. For WAP 20, 
average reproducibility was ±1.91% and ±0.63% for elemental organic C and N, 
respectively, and ±0.16‰ and ±0.10‰ for δ13Corg and δ
15
N, respectively. For WAP 21, 
average reproducibility was ±0.54% and ±0.04% for elemental organic C and N, 
respectively, and ±0.27‰ and ±0.08‰ for δ13Corg and δ
15
N, respectively. For WAP 12, 
average reproducibility was ±1.92% and ±0.13% for elemental organic C and N content, 
respectively, and ±0.01‰ and ±0.02‰ for δ13Corg and δ
15
N, respectively.  
 
Sedimentary Diatom Analysis  
For analysis of diatoms, subsamples (~0.3 ± 0.05 g) of wet sediment were treated 
with 10% HCl for 24 hours to remove carbonates. After allowing sufficient time for diatoms 
to settle to the bottom of the sample tubes, the supernatant was siphoned off and de-ionized 
water was added to dilute the acid. This sequence was then repeated several times until a 
neutral pH was reached. Subsamples were then digested with strong acids (50:50 
concentrated sulphuric:nitric acids by volume) to remove organic materials. After allowing 
sufficient time for diatoms to settle to the bottom of the sample tubes, the supernatant was 
siphoned off and samples were rinsed with de-ionized water. This sequence was repeated 
until a neutral pH was obtained. The resulting cleaned diatom slurries were then dispensed 
onto circular coverslips and allowed to dry before mounting them onto microscope slides 
using Naphrax mounting medium. For each sample, approximately 300 diatom valves were 
identified to the lowest possible taxonomic level at 1000x magnification using a Zeiss 
Axioskop II Plus compound light microscope fitted with differential interference contrast 
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optics. Diatom identifications were based on the keys of Krammer and Lange-Bertalot (1986-
1991) and Lavoie et al. (2008).  
 
Sedimentary Pigment Analysis 
Standard methods (Reuss et al., 2010) were used to prepare, extract and analyse 
pigment concentrations from subsamples (~0.3 ± 0.05 g) of wet sediment at the University of 
Waterloo WATER Lab. A WATERS 2695 HPLC was used with the reverse-phase high 
performance liquid chromatography method by Mantoura and Lleywellyn (1983) and 
modified by Leavitt et al. (1989). Pigments were identified based on their retention times and 
elution sequence, and comparison of their spectra compared to known standards (Jeffrey et 
al., 1997). Pigment concentrations are expressed as nanomoles per gram of organic matter.  
 
Stratigraphic Analysis  
To assist identifying the timing of regime shifts in the study ponds, we determined 
breakpoints in stratigraphic profiles individually for each of the physical and geochemical 
variables via use of generalized linear models with piece-wise linear relationships having a 
fixed number of breakpoints. The average fitted breakpoint date and relevant standard error 
for all physical and geochemical variables was calculated, which we present in stratigraphic 
plots and the text below. The average fitted breakpoint date and relevant standard error of the 
physical and geochemical variables calculated for each pond were also applied to the 
biological data. Numerical procedures were conducted with the use of R statistical language 
v3.1.1 with the rioja and segmented libraries.  
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4.3 Results and interpretation 
Sediment Core Chronologies  
Total 
210
Pb activity declined steadily with depth in the sediment core from WAP 20, 
from 0.231 Bq g
-1
 at the top to 0.010 Bq g
-1
 at 12.5 cm (Figure 4.3a). The mean activity of 
226
Ra (0.011 Bq g
-1
) was used to estimate supported 
210
Pb. Total 
210
Pb activity was almost 
equivalent to the estimated supported 
210
Pb at 12.5 cm (0.010 Bq g
-1
), indicating that 
background was likely reached at this depth. Using the CRS model and linear extrapolation, a 
basal date of 1467 was determined for the sediment core from WAP 20. Peak concentration 
in 
137
Cs (0.186 Bq g
-1
) at 6 cm occurred at the CRS date of 1963, which corresponds to the 
expected year of peak fallout. The sedimentation rate fluctuated between 0.013 g cm
-2
 yr
-1
 
and 0.016 g cm
-2
 yr
-1
 before 1977, and then increased to a maximum of 0.029 g cm
-2
 yr
-1
 at 
the top of the core. 
In contrast to WAP 20, total 
210
Pb activity did not decline steadily down-core at WAP 
21 (Figure 4.3b). Instead, peak activity (0.164 Bq g
-1
) occurred at 12.5 cm, and declined at 
depths above and below. Total 
210
Pb activity declined to 0.011 Bq g
-1 
at 26.5 cm depth and 
was near-equivalent to the estimated supported 
210
Pb at 26.5 cm (0.011 Bq g
-1
), indicating 
that background was reached at this depth. A basal date of 1597 was determined for the core. 
Peak concentration of 
137
Cs (0.087 Bq g
-1
) occurred at 14.5 cm and corresponded to a CRS 
date of 1957, which is close to the expected date of 1963. The sedimentation rate fluctuated 
between 0.011 g cm
-2
 yr
-1
 and 0.014 g cm
-2
 yr
-1
, before it began a steady increase during 
1961-1978 to 0.021 g cm
-2
 yr
-1
. The sedimentation rate then increased exponentially and 
reached a maximum value of 0.088 g cm
-2
 yr
-1
 at the top of the core.  
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Total 
210
Pb activity was relatively constant (~0.25 Bq g
-1
) in the upper 5 cm of the 
core from WAP 12 (Figure 4.3c). Between 5 cm and 17 cm, 
210
Pb activity declined to 0.008 
Bq g
-1
. Total 
210
Pb activity at 17 cm was close to the estimated supported 
210
Pb (0.006 Bq g
-
1
), indicating that background was likely reached at this depth. Using the CRS model, the 
base of unsupported 
210
Pb in WAP 12 core 2 was estimated to be 1904. Extrapolation of the 
age-depth relation to core 1 gave a basal date of 1813. 
137
Cs activity did not display a clear 
peak in the core, likely due to the mobile nature of Cs in the highly organic sediments. 
Sedimentation rates fluctuated between 0.013 g cm
-2
 yr
-1
 and 0.029 g cm
-2
 yr
-1 
throughout the 
record. Peak sedimentation rates occurred in 1953 and at the top of the core (0.028 and 0.029 
g cm
-2
 yr
-1
, respectively). Although sedimentation rate has increased during the past few 
decades, values remain within the historical range. Near-constant 
210
Pb
 
activities at the top of 
the sediment core from WAP 12 are similar to 
210
Pb profiles in other pond sediment cores in 
the Churchill region (Wolfe et al., 2011), and are likely due to increase in sedimentation rate, 
because sediment mixing is unlikely based on fluctuating values of many parameters during 
this interval (see below and Bouchard et al., 2013). 
 
Limnological Evolution of the Ponds 
Stratigraphic profiles for organic matter content (and organic matter flux for WAP 
21), mineral matter content, calcium carbonate content, organic C content, N content, C/N, 
organic C isotope composition and N isotope composition show prominent temporal 
variations (Figures 4.4-4.6). Stratigraphic profiles shown also include the percent abundance 
of Fragilaria pinnata (Ehrenberg) and Denticula kuetzingii (Kützing), which were the two 
most dominant diatom taxa in sediment cores from all three ponds, and concentrations of 
103 
 
chlorophyll a to represent total algal abundance and concentrations of aphanizophyll or 
canthaxanthin to represent abundance of potentially nitrogen-fixing cyanobacteria (Figures 
4.4-4.6). This broad array of paleolimnological measurements allows us to efficiently 
characterize past limnological conditions and intervals, and identify changes during the past 
200-250 years.  
Minimal changes occurred in the older strata of all three sediment records, and to 
provide sufficient temporal context to evaluate the 20
th
 century changes, only results post-
1750 (post-1813 for WAP 12) are reported here. Breakpoint analyses on the physical and 
geochemical variables were used to guide our identification of the timing of major 
limnological changes. Breakpoint analyses indicated significant changes at ~1900 (±49 yrs) 
and ~1975 (±15 yrs) for WAP 20, ~1893 (±22 yrs) and ~1983 (±25 yrs) for WAP 21, and 
~1900 (±31 yrs) for WAP 12. Based on these breakpoints, three phases of different 
limnological conditions were identified at WAP 20 and WAP 21and two phases at WAP 12. 
The phase boundaries coincide with marked changes in composition of diatom communities 
and abundance of algal pigments. 
 
Phase 1 (pre-1750 to ~1893-1900). During the first phase of the sediment records (pre-1750 
to ~1893-1900), values of the physical, geochemical, and biological variables remained 
relatively constant or displayed gradual trends over time. Despite relatively coarse temporal 
resolution, subtle trends are apparent in the core from WAP 20 (Figure 4.4). Organic matter 
content increased gradually (~11 to 18%) throughout this phase, while mineral matter (~69 to 
63%) and calcium carbonate content (~45 to 40%) decreased. Organic C content remained 
around 11% and N content remained around 0.5%. Values of the C/N ratio decreased 
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gradually during this interval (26 to 20), but were relatively high overall. Values of δ13Corg 
(~-21‰) and δ15N (-0.25‰) were relatively constant. Diatom community composition and 
pigment concentrations varied only slightly. Diatom assemblages were dominated by 
Fragilaria pinnata (~80%), and sediments contained relatively low concentrations of 
chlorophyll a (~25 to 30 nmol g
-1 
OM). 
During Phase 1 in the WAP 21 sediment core, gradual changes are evident in several 
of the parameters (Figure 4.5). Organic matter content increased gradually but substantially 
(11 to 48%), and mineral matter (69 to 43%) and carbonate content (45 to 20%) decreased 
correspondingly. Organic C content increased (16 to 32%), and N content increased from ~1 
to 2%. Values of the C/N ratio were relatively constant and high (15-16). Values of δ13Corg 
increased gradually (-25 to -22‰) and δ15N fluctuated around -0.5‰. Diatom community 
composition and pigment concentrations varied only slightly. Diatom assemblages were 
dominated by Fragilaria pinnata (80%) and sediments contained relatively moderate 
concentrations of the pigments aphanizophyll (~500 to 700 nmol g
-1
 OM) and relatively low 
concentrations of chlorophyll a (~200 to 300 nmol g
-1
 OM). 
In the core from WAP 12, gradual changes are evident from the base of the core 
(~1813) until ~1900 (Figure 4.6). Organic matter increased (84 to 90%), while mineral 
matter (12 to 9%) and calcium carbonate content (8 to 3%) declined. Organic C and N 
content fluctuated around ~53% and 3.5%, respectively, and C/N ratios were relatively high 
(14 to 16). Values of δ13Corg increased slightly (-25 to -24‰), and δ
15
N remained near 0‰. 
Diatoms were not in sufficient abundance or not sufficiently preserved in sediments 
deposited during this phase to allow enumeration, and concentrations of pigments 
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canthaxanthin and chlorophyll a fluctuated slightly but were relatively low (~4-11 nmol g
-1
 
OM and ~9-16 nmol g
-1
 OM, respectively).  
Overall, results indicate that limnological conditions at WAP 20, WAP 21 and WAP 
12 gradually transitioned towards increased aquatic productivity during Phase 1, as indicated 
by gradual increases in organic matter content, organic C content and δ13Corg. Increasing 
algal demand on DIC usually leads to 
13
C-enrichment of DIC and phytoplankton, which is 
recorded in pond sediments (Meyers and Teranes, 2001; Meyers, 2003). High C/N ratios in 
the sediment records from all three ponds suggest that aquatic productivity occurred under N-
limited conditions. Likewise, all three sediment cores contained δ15N values close to 0‰, 
possibly indicative of fixation of atmospheric N (Talbot, 2001). At WAP 21 and WAP 12, 
sediments contained measurable concentrations of the pigments aphanizophyll and 
canthaxanthin, respectively. These pigments are produced by potentially N-fixing taxa (e.g., 
Leavitt and Hodgson, 2001), a finding that is consistent with N-limited conditions inferred 
from C/N ratios and δ15N values. However, concentrations of these pigments and chlorophyll 
a were relatively low during this phase, suggesting low algal productivity. Low productivity 
in the ponds is further substantiated by the diatom assemblage data that reveal information 
about conditions of pond habitat. Fragilaria pinnata was the dominant taxon in WAP 20 and 
WAP 21 during this phase, while diatom abundance was too low in sediments from WAP 12 
to allow enumeration. Fragilaria pinnata is an epipsammic and alkaliphilic diatom taxon that 
can live on mineral grains and is considered to indicate low-light availability caused by 
minerogenic turbidity, which generates poor habitat for epiphytic and planktonic diatom taxa 
(Rühland and Smol, 2005; Smol et al., 2005). Dominance by Fragilaria pinnata, thus, 
indicates that the epiphytic and plankton habitats did not support considerable growth of 
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algae. Instead, dominance by Fragilaria pinnata suggests that most of the algal growth 
occurred in benthic (and mainly episammic) habitat. For WAP 20 and WAP 21, shoreline 
erosion of inorganic sediment may have provided the input of material for Fragilaria pinnata 
to grow and flourish. In contrast, WAP 12 was likely not experiencing shoreline erosion 
during this phase as indicated by the higher organic matter content and higher organic C 
accumulation in the sediment core. Low input of inorganic matter would have limited the 
benthic habitat available for Fragilaria pinnata. 
 
Phase 2 (~1893-1900 to 1975-1983). Paleolimnological analyses identified marked changes 
in sediment records from all three ponds around 1893-1900 (Figures 4.4-4.6). At WAP 20, 
sedimentary content of organic matter increased after ~1900 (~18 to 56%), and content of 
mineral matter (~64 to 38%) and calcium carbonate declined (~40 to 13% by 1949 and then 
remained relatively constant). Organic C content (~13 to 26%), N content (~0.6 to 2.0%) and 
δ13Corg (-25 to -22‰) also increased at WAP 20. Values of the C/N ratio continued to decline 
gradually (20-14), but remained relatively high, and δ15N fluctuated around -0.5‰. 
Composition of diatom assemblages changed abruptly during this phase from dominance by 
the epipsammic Fragilaria pinnata (from ~80 to ~1 %) to dominance by Denticula kuetzingii 
(1 to 60 %), a taxon commonly found in benthic biofilms in ponds near Churchill, Manitoba 
(Macrae, 1998; White et al., 2014). The N-fixing cyanobacterial pigment aphanizophyll first 
appeared in the sediment record in Phase 2 and reached peak concentrations (~197 nmol g
-1
 
OM). Additionally, concentrations of chlorophyll a increased (~35 nmol g
-1 
OM). 
At WAP 21, organic matter content initially increased (56 to 63%) after ~1893 until 
~1934, then decreased (to 49%). However, the organic matter flux continued to increase 
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throughout this phase (0.006 to 0.011 g OM cm
-2
 yr
-1
). Mineral matter (37 to 43%) and 
calcium carbonate (14 to 18%) content increased. Organic C content decreased (32 to 26%) 
while N content fluctuated around 2%, and C/N values declined slightly (17 to 13) but 
remained relatively high. δ13Corg values fluctuated around -22‰ and δ
15
N fluctuated around 
0.5‰. Similar to WAP 20, the diatom community composition changed abruptly (but earlier; 
~1880) from dominance by Fragilaria pinnata to dominance by Denticula kuetzingii, which 
reached peak abundance of 62% at ~1952. Aphanizophyll content increased to peak 
concentrations (~1200 nmol g
-1
 OM) during this phase. Additionally, concentrations of 
chlorophyll a increased to peak concentrations (~800 nmol g
-1 
OM). 
At WAP 12, changes occurred between ~1875 and ~1900. Organic matter content 
increased to ~90% and then remained constant to the top of the core. Mineral matter content 
decreased and then fluctuated around 8%. CaCO3 content decreased and then fluctuated 
around 3% until 1925, when it increased slightly to 5% and fluctuated around this level to the 
top of the sediment record. Organic C and N content became more variable during this phase 
and fluctuated mostly between 37-53% and around 3%, respectively. Values of the C/N ratio 
were relatively constant after ~1875 and remained at ~15 to the top of the core. δ13Corg was 
relatively constant around -24‰ from ~1875 to 1900, and then increased to -22‰ and 
remained relatively stable in the upper sediments. δ15N showed an initial increase to about 
0.3‰ and then fluctuated between -0.8 and 0‰ until the top of the core. Diatoms became 
sufficiently abundant to allow enumeration at ~1911 and were dominated by Denticula 
kuetzingii, similar to WAP 20 and WAP 21. Concentrations of canthaxanthin increased 
slightly at ~1875 and fluctuated between 8 and 11 nmol g
-1
 OM until 2003 when an increase 
to peak concentrations of 16 nmol g
-1
 OM occurred in ~2008. Chlorophyll a showed larger 
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fluctuations in concentrations (average 10 nmol g
-1
 OM) with an increase to 20 nmol g
-1
 OM 
at the top of the core.  
Together, the stratigraphic records from WAP 20, WAP 21, and WAP 12 suggest a 
marked change began during the late 1800s and early 1900s, characterized by increased 
aquatic productivity and associated shifts in limnological conditions and available habitat. 
The increase in organic matter content (or organic matter flux), pigment concentrations, and 
shift in dominant diatom taxa can be explained by reduced rates of shoreline erosion and 
input of inorganic material, leading to less turbid conditions, increased light penetration, and 
higher aquatic productivity. Higher productivity is also supported by increased values of 
δ13Corg. The increase in productivity likely also fostered a high demand for N and continued 
N limitation based on δ15N values close to 0‰, high C/N values, and increased 
concentrations of cyanobacterial pigments aphanizophyll and canthaxanthin produced by 
potentially N-fixing taxa. In addition, the shift in diatom community composition to 
dominance of Denticula kuetzingii indicates a change in available habitat in the ponds from 
mineral grains to benthic biofilm. 
 
Phase 3 (~1975-1983 to 2010). Marked stratigraphic changes in the physical and 
geochemical variables, although not all in the same direction, are apparent in sediment cores 
from WAP 20 and WAP 21 beginning in the mid-1970s, but they are notably absent in the 
core from WAP 12 (Figures 4.4-4.6). At WAP 20, increases in sedimentation rate (Figure 
4.3) and continued increases in organic matter content (~56 to 65%) occurred, while mineral 
matter (~38 to 30%) and calcium carbonate (~14 to 10%) content declined. Organic C (~26 
to 33%) and N (2 to 4%) content increased and the C/N ratio declined substantially (14 to 8). 
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δ13Corg increased initially from -22 to -21‰ and then stabilized for the remainder of the core 
at -20.9‰ after 1998. δ15N values increased (-0.5 to 0.2‰). Denticula kuetzingii remained 
the dominant taxon during this phase. Aphanizophyll content declined abruptly to 67 nmol g
-
1
 OM
 
and remained relatively constant until the top 1 cm of the core when an increase to 97 
nmol g
-1
 OM occurred. Chlorophyll a concentrations fluctuated around 35 nmol g
-1
 OM until 
the top 1 cm of the core when concentrations increased to 94 nmol g
-1
 OM. 
At WAP 21, the sedimentation rate increased exponentially after the mid-1970s 
(Figure 4.3), which influenced patterns of change in some of the sedimentary variables. 
Consequently, values of organic matter are more informative when expressed as flux rate 
than as concentration. During Phase 3, the flux of organic matter increased (0.01 g cm
-2
 yr
-1
 
to 0.02 g cm
-2
 yr
-1
), while C/N ratios declined (12 to 10). Calcium carbonate content 
increased (~18-35%), while Corg and N content declined to ~17% and 1.6%, respectively. 
δ13Corg decreased (-22 to -24‰) and δ
15
N increased (-0.5 to 0.7‰) slightly during this phase. 
Denticula kuetzingii decreased in percent abundance around ~1990 to ~17% at the top of the 
core, while Fragilaria pinnata increased to ~52% at the top of the core. Aphanizophyll 
concentration declined to 350 nmol g
-1 
OM, then increased in the top sample to ~604 nmol g
-
1 
OM . Chlorophyll a concentrations showed no noticeable trend and values fluctuated 
between 150 and 817 nmol g
-1
 OM during this phase.  
Increasing concentration or flux of organic matter indicates that aquatic productivity 
continued to increase in WAP 20 and WAP 21 during Phase 3. At WAP 21, the marked 
increase in calcium carbonate content may be due to calcite precipitation under conditions of 
high productivity and pH (Wetzel, 2001). This likely accounts for dilution of organic matter, 
Corg and N content, as well as the increase in Fragilaria pinnata due to increased inorganic 
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material for this diatom to grow on. The decrease in C/N ratios, increase in δ15N values and 
the decline in concentration of the pigment aphanizophyll for both WAP 20 and WAP 21 
indicate that there was an increase in supply of N to these ponds. As stated above, increasing 
aquatic productivity often corresponds to increasing δ13Corg in lake sediment cores (Meyers 
and Teranes, 2001; Meyers, 2003). However, δ13Corg decreases at WAP 21 and increases only 
slightly at WAP 20 before attaining constant values after ~1998. Nonetheless, we attribute 
these patterns to increasing aquatic productivity because such trends can develop when 
chemically-enhanced CO2 invasion occurs, which leads to a decline in δ
13
CDIC (Herczeg and 
Fairbanks, 1987), as we describe in the following section. Notably, these inferred 
limnological changes post-1975 are not evident in the sediment record from WAP 12. 
Additionally, chlorophyll a concentrations were generally lowest in WAP 12 and highest in 
WAP 21, and the difference increased near the top of the core, providing further support for 
stimulation of aquatic productivity at WAP 20 and WAP 21 in recent years. 
 
Modern limnology. Average values (2010-12) of several water chemistry variables 
distinguish present-day limnological conditions of WAP 20 and WAP 21 from those at WAP 
12, particularly in July (Figure 4.7). Conductivity was much higher at WAP 20 and WAP 21 
than at WAP 12. At all three ponds, pH was alkaline but WAP 20 and WAP 21 had much 
larger increases in pH between June and July than at WAP 12. All three ponds had lower 
TKN concentrations in June followed by higher values in July and a return to lower values in 
September. However, TKN concentrations were substantially lower at WAP 20 and WAP 21 
in July than at WAP 12. Values of δ13CDIC at WAP 20 and WAP 21 decreased between June 
and July, whereas δ13CDIC increased throughout the ice-free season at WAP 12. Although 
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seasonal patterns in δ13CPOM were similar among the ponds, C isotope fractionation (Δ
13
CDIC-
POM) declined sharply at WAP 20 and WAP 21 in July, whereas values at WAP 12 were 
similar in July and June. 
 The above limnological features mainly reflect differences in LSG disturbance and 
associated nutrient behaviour at WAP 20 and WAP 21 in comparison to WAP 12. Higher 
conductivity at WAP 20 and WAP 21 compared to WAP 12 is unlikely to have been caused 
by differences in evaporative concentration, as WAP 12 generally undergoes greater mid-
summer pond water isotopic enrichment (data not shown). Instead, higher conductivity at 
WAP 20 and WAP 21 is likely due to higher erosional input of dissolved ions to the ponds 
than at WAP 12, caused by removal of catchment vegetation by the LSG population. Lower 
TKN concentrations at WAP 20 and WAP 21 may be a result of more rapid uptake of 
nutrients by the benthic biofilm. Experimental nutrient additions by Eichel et al. (2014) 
demonstrated that the benthic biofilm rapidly assimilates N and P. As discussed in detail by 
MacDonald et al. (2014), the seasonal increase in δ13CDIC values at WAP 12 is consistent 
with preferential use of 
12
C by algae during photosynthesis when C supply exceeds C 
demand (and which commonly leads to 
13
C-enrichment in the organic fraction of lake 
sediment profiles under conditions of increasing productivity), whereas the decline in July 
δ13CDIC values at WAP 20 and WAP 21 is likely due to chemically-enhanced CO2 invasion. 
The latter may occur under conditions of high productivity, high C demand and high pH, 
resulting in strong kinetic C isotope fractionation as CO2 enters from the atmosphere and 
decline of δ13CDIC (Herczeg and Fairbanks, 1987; Takahashi et al., 1990; Bade et al., 2004). 
Evidently, this signal has been recorded by muted and declining trends in δ13Corg in the 
uppermost stratigraphic intervals of the sediment records from WAP 20 and WAP 21, 
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respectively (Figures 4.4, 4.5). Further support for the interpretation of higher C demand at 
WAP 20 and WAP 21 in July, compared to WAP 12, is the decline in Δ13CDIC-POM. 
 
4.4 Discussion 
Regime shifts in shallow lakes and ponds are rapid changes due to a stressor that 
cause modifications to the dynamics, organization, and feedbacks of the particular ecosystem 
resulting in a shift to a different state (e.g., Scheffer and Carpenter, 2003; Anderson et al., 
2009). These shifts can be characterized by distinct habitats and life forms, and persistence of 
the new state for a substantial period of time (e.g., Beisner et al., 2003; Scheffer and 
Carpenter, 2003). Limnological regime shifts have been identified in a number of different 
ecosystems, but their documentation has primarily been based on studies of temperate and 
boreal lakes, and has largely focused on the effects of changing nutrient loads on aquatic 
vegetation and turbidity (e.g., Scheffer et al., 1993; Bayley and Prather, 2003; Scheffer and 
Carpenter, 2003; Bayley et al., 2007). Typically, shallow lakes in temperate and boreal 
locations switch from a clear-water, macrophyte-dominated state under conditions of low 
nutrient supply, to a turbid state dominated by phytoplankton as nutrient supply increases and 
exceeds a threshold (Scheffer et al., 1993). Here we show that, based on integrating the 
results from analyses of sediment records and water chemistry, three phases of limnological 
conditions during the past ~200-250 years were identified at the ponds located in catchments 
disturbed by LSG (WAP 20 and WAP 21), whereas only two phases were evident at the non-
disturbed pond (WAP 12). As we discuss below, the rapid phase transitions are consistent 
with aspects of regime shifts that have been documented in shallow temperate and boreal 
lakes, but we show they occur also in a Subarctic setting. Furthermore, our study 
distinguishes limnological regime shifts driven, not only by changes in available habitat due 
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to warming, but also by the transfer of nutrients from the catchments to the ponds in response 
to waterfowl disturbance (summarized in Figure 4.8 and discussed below).  
 
Limnological Regime Shift Caused by Climate Warming 
Prior to the 20
th
 century (Phase 1), pond conditions can generally be characterized by 
relatively low nutrient availability, low aquatic productivity, and high mineral matter content 
of the sediment (with the exception of WAP 12, likely due to lower rates of shoreline 
erosion). These conditions are consistent with the cold, turbid, low-light conditions of the 
Little Ice Age (LIA; Overpeck et al., 1997), but abrupt stratigraphic changes occurred in all 
three ponds during the late ~1800s to the early ~1900s (initiation of Phase 2). Limnological 
conditions during this new state are characterized by clearer water with abundant light 
available for algal growth associated with the rapid development of a benthic biofilm. In 
addition to this change in habitat availability, there were also abrupt shifts in nutrient 
balance. Increases in δ13Corg indicate productivity-driven 
13
C-enrichment of DIC, and 
geochemical and pigment data suggest higher N demand relative to supply. These conditions 
have persisted to the present at WAP 12, whereas WAP 20 and WAP 21 underwent 
additional limnological changes beginning in the mid-1970s. Rapid changes in nutrient 
dynamics, and the development of new habitat supporting new algal community composition 
that persisted for decades in all three ponds are characteristics of a limnological regime shift, 
which we associate with climate warming at the end of the LIA. 
Regime shifts in response to late 19
th
 and early 20
th
 century post-LIA warming have 
been identified at other Arctic lakes, based on paleolimnological studies, and have mainly 
identified shifts in aquatic habitat (e.g., Sorvari et al., 2002; Rühland et al., 2003; Rühland 
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and Smol, 2005; Smol et al., 2005). Common to all of these studies is a shift in the dominant 
diatom taxa from benthic Fragilaria species to more diverse communities in response to 
post-LIA warming and subsequent reduction in seasonal ice-cover. Other studies have 
suggested that, during the LIA, extensive ice-cover resulted in only a narrow moat of shallow 
open water forming during the summer which allowed Fragilaria species to dominate (e.g., 
Smol et al., 2005; Smol and Douglas, 2007). Decreasing ice-cover post-LIA resulted in 
changes to diatom community composition with moss epiphytic taxa dominant in new littoral 
habitat (Douglas et al., 1994; Antoniades et al., 2005; Keatley et al., 2006) and Cyclotella 
species dominant in deeper lakes with the development of planktonic habitat (Sovari et al., 
2002; Rühland et al., 2003; Rühland and Smol, 2005). We also find that small epipsammic 
Fragilaria species are outcompeted by taxa commonly found in benthic mats at the end of 
the 19
th
 century, likely due to decreased ice cover and creation of new available habitat. 
However, our results also document that this limnological regime shift was accompanied by 
increased aquatic productivity and low N availability. Increased aquatic productivity and 
nutrient demand likely led to N-limited conditions and stimulated the growth of benthic 
biofilms with abundant cyanobacteria, which have been found to dominate under these 
conditions (Vreca and Muri, 2010; White, 2011).  
An important exception to the widespread evidence of late 19
th
 and early 20
th
 century 
warming in Subarctic and Arctic lakes and ponds is the recent study by Rühland et al. (2013), 
which used stratigraphic changes in diatom assemblages to suggest that the southern HBL 
region has undergone post-LIA limnological regime shifts associated with warming only 
since the 1990s. Additional work by Rühland et al. (2014) provided further support of recent 
diatom assemblage changes. We suggest that the earlier initiation of the effects of 20
th
 
115 
 
century warming on limnological conditions reported here compared to that reported by 
Rühland et al. (2013) may be due to the shallow, and thus more climatically-sensitive nature 
of northwestern HBL ponds compared to the deep and more resilient southern HBL lakes. As 
relayed by Rühland et al. (2013), observation that these resilient lakes are now also showing 
limnological consequences of warming indicates that “climate of the HBL has passed a 
tipping point” (p. 1).  
 
Limnological Regime Shift Caused by Lesser Snow Goose Population Expansion 
The LSG-disturbed ponds WAP 20 and WAP 21 both display a third phase in their 
stratigraphic records beginning in the mid-1970s, which persists to the present but is absent 
from the undisturbed pond WAP 12. Based on the paleolimnological and water chemistry 
data, this phase is characterized by increased N availability, but with rapid uptake, increased 
C demand and increased productivity. Because these rapid changes in limnological 
conditions only occurred at WAP 20 and WAP 21 ponds, this suggests a site-specific trigger 
rather than a regional environmental change. This site-specific trigger led to long-lasting 
changes in nutrient dynamics and community composition of algae and can, therefore, be 
considered a regime shift. The timing of this limnological regime shift corresponds well with 
the documented expansion of the LSG population (e.g., Batt et al., 1997; Jefferies et al., 
2006; Figure 4.2e), which likely would have provided the source of additional nutrient 
loading to the disturbed ponds through fecal deposition or indirectly though alteration of 
catchment vegetation and habitat (e.g., Batt et al., 1997; Handa et al., 2002; Jefferies et al., 
2004; Abraham et al., 2005a).  
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Based on the patterns in δ13Corg in the sediment records, WAP 21 appears to have 
been disturbed longer, or more intensely, by the LSG population than WAP 20. At WAP 21, 
δ13Corg began to decline soon after the LSG population expansion began. We attribute this 
trend to declining 13CDIC caused by chemically-enhanced CO2 invasion, which occurs under 
conditions of high productivity, high C demand and high pH (Herczeg and Fairbanks, 1987; 
Takahashi et al., 1990; Bade et al., 2004). Indeed, while Herczeg and Fairbanks (1987) 
described this process in their study of the present-day carbon balance of Mohonk Lake NY, 
they speculated that negative excursions in the carbon isotope composition of lake sediments 
may develop from increasing aquatic productivity when chemically-enhanced CO2 invasion 
occurs to meet C demand. Conversely, the δ13Corg record at WAP 20 increased after the LSG 
population began to expand and stabilized at ~1998, suggesting that chemically-enhanced 
CO2 invasion is a more recent and less intense phenomenon at this pond. 
Limnological regime shifts in response to nutrient enrichment have been identified in 
the Arctic (Douglas and Smol, 2000; Douglas et al., 2004; Michelutti et al., 2007; Hadley et 
al., 2010). Many of these studies document nutrient enrichment as a consequence of 
anthropogenic inputs (e.g., increased sewage inputs from local communities and Thule 
whaling activities), or other factors in the catchment (Medeiros et al., 2014), rather than 
directly from activities of wildlife, as inferred from LSG disturbance in our study. While 
other Arctic paleolimnological and contemporary limnological studies have attributed 
increases in productivity to disturbance from waterfowl and seabird populations (Michelutti 
et al., 2009; 2010; Côté et al., 2010; Keatley et al., 2011; Sun et al., 2013; MacDonald et al., 
2014), they have not explicitly identified a regime shift. This is likely because contemporary 
limnological studies alone tend to not have sufficient temporal perspective to document 
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persistence of a new set of conditions. In addition, analysis of an insufficient suite of 
variables in both paleolimnological and contemporary limnological studies may hinder 
recognition of regime shifts in internal nutrient behaviour and habitat.  
 
Implications for Aquatic Ecosystem Monitoring  
Based on our analyses, we identify a suite of pond responses (physico-chemical, 
biological) and key indicators based on contemporary limnological and paleolimnological 
measurements that most effectively defined limnological regime shifts caused by climate 
warming and catchment disturbance by the expansion of LSG population. We use this as a 
basis for identifying effective tools for ongoing monitoring of limnological changes in ponds 
of WNP and elsewhere in response to these stressors (Table 4.2). In our study, consequences 
of warming were best identified by paleolimnological indicators; namely, increasing organic 
matter content and flux that reflect increasing aquatic productivity, change in composition of 
diatom assemblages (i.e., switch in dominance from Fragilaria pinnata to Denticula 
kuetzingii) that document a shift from epipsammic to benthic habitat, and the appearance of 
cyanobacteria pigments that indicate more intense competition for dissolved inorganic N. In 
contrast, limnological consequences of the LSG population expansion were identified from 
both contemporary and paleolimnological data. High values of conductivity and mid-summer 
carbon isotope measurements reveal disturbance by LSG on pond catchments, and 
specifically influx of dissolved ions and nutrients that had a discernable influence on pond-
water carbon balance as inferred from carbon isotope data (δ13CDIC, Δ
13
CDIC-POM). 
Interestingly, paleolimnological indicators, including pigments and δ15N, clearly reveal 
greater nitrogen availability due to increased nutrient supply, but this is not readily detected 
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by measurements of TKN concentration in pond water, likely due to rapid nutrient uptake by 
the benthic biofilm (Eichel et al., 2014; MacDonald et al., 2014). Overall, based on our study 
we recommend a combination of contemporary limnological and paleolimnological methods 
for future aquatic ecosystem monitoring initiatives to track responses of Arctic and Subarctic 
ponds to climate warming and expanding wildlife populations. Also, we recommend that 
research be conducted on a larger number of ponds within Wapusk National Park, both 
affected and unaffected by LSG disturbance, to further assess the sensitivity of the metrics 
we identify here and determine if the regime shifts we identified in a small number of ponds 
can be generalized to ponds across the landscape. 
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4.6 Figures 
 
Figure 4.1: Location of Wapusk National Park (Manitoba, Canada) and the three study ponds 
(WAP 20, WAP 21 and WAP 12). WAP 20 and WAP 21 are situated in an area of high 
disturbance by LSG since ~1979, whereas WAP 12 is located outside of this area as of 2008. 
Grey regions depict the geographic limits of the LSG distribution at four time periods (based 
on data provided by Parks Canada in 2010).  
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Figure 4.2: Photographs a), b) and c) depict LSG disturbance in and adjacent to ponds WAP 
20 and WAP 21. Photograph d) is from WAP 12 and depicts a pond with low disturbance 
from the LSG population. Graph in panel e) is an estimate of LSG population rise (Abraham 
et al., 2005b pg. 843). The solid line is a 3-year running average. 
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Figure 4.3: Left panels present scatterplots showing activity profiles for the radioisotopes and 
depth-age profiles for a) WAP 20, b) WAP 21 and c) WAP 12 sediment cores. Right panels 
present sedimentation rates. Error bars represent standard deviations.  
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Figure 4.4: Stratigraphic profiles of selected paleolimnological variables for WAP 20. The vertical axis presents the age of the 
sediment core, as estimated from the 
210
Pb analysis. The average fitted breakpoint date of physical and geochemical variables is 
shown by a dashed line with the relative error indicated with a gray bar. The breakpoints were also applied to diatom and pigment 
profiles.  
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Figure 4.5: Stratigraphic profiles of selected paleolimnological variables for WAP 21. The vertical axis presents the age of the 
sediment core, as estimated from the 
210
Pb analysis. The average fitted breakpoint date of physical and geochemical variables is 
shown by a dashed line with the relative error indicated with a gray bar. The breakpoints were also applied to diatom and pigment 
profiles. 
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Figure 4.6: Stratigraphic profiles of selected paleolimnological variables for WAP 12. The vertical axis presents the age of the 
sediment core, as estimated from the 
210
Pb analysis. The average fitted breakpoint date of physical and geochemical variables is 
shown by a dashed line with the relative error indicated with a gray bar. The breakpoints were also applied to diatom and pigment 
profiles.
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Figure 4.7: Line plots depicting average seasonal values for selected limnological parameters 
of ponds WAP 20, WAP 21 and WAP 12 based on findings of MacDonald et al. (2014). 
Values represent the average of samples collected in early June 2010-2012, late July 2010-
2012 and mid-September 2010-2012. Values for WAP 12 July do not include July 2010 as 
the pond desiccated, and thus, samples could not be collected.  
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Figure 4.8: Depiction of the inferred evolution of pond limnology, nutrient behaviour, and 
aquatic community in response to the different drivers of change. The solid horizontal line 
represents the limnological regime shift that all ponds experienced in response to climate 
warming and the dashed horizontal line represents the limnological regime shift that only the 
LSG disturbed ponds (WAP 20 and WAP 21) experienced. 
  
127 
 
4.7 Tables  
 
Table 4.1: Analytical strategy for the sediment cores.  
 
Analysis WAP 20 WAP 21 WAP 12 
Loss-on-Ignition Core 2, Core 3, and 
Core 5 
Every 0.5-cm 
interval 
Core 1 
Every 0.5-cm 
interval 
Core 1 and Core 2 
Every 0.5-cm 
interval 
Chronology Core 3 
Every fourth 0.5-cm 
interval 
Core 1 
Every second 0.5-
cm interval 
Core 2 
Every second 0.5-
cm interval 
Geochemistry Core 3  
Every second 0.5-
cm interval 
Core 1 
0-19 cm: every 
second 0.5-cm 
interval  
19- bottom: every 
0.5-cm interval  
Core 1 
Every 0.5-cm 
interval 
Diatoms Core 3 
Every second 0.5-
cm interval 
Core 1 
Every second 0.5-
cm interval 
Core 1 
Every second 0.5-
cm interval 
Pigments Core 2 
Every second 0.5-
cm interval 
Core 1 
Every second 0.5-
cm interval 
Core 1 
Every second 0.5-
cm interval 
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Table 4.2: The most sensitive limnological and paleolimnological parameters for identifying regime shifts from climate warming 
and LSG population expansion based on this study. 
Stressor Paleolimnology Limnology 
Parameter Interpretation Parameter Interpretation 
Climate 
Warming 
organic matter 
content 
diatoms 
 
 
 
 
pigments 
 Increase reflects increasing 
productivity 
 Switch in dominance from 
episammic to benthic mat-dwelling 
taxa (e.g., Fragilaria pinnata to 
Denticula kuetzingii) indicates 
habitat shift 
 Appearance of cyanobacteria 
pigments (e.g., aphanizophyll) 
suggests N-limited conditions  
n/a  n/a 
Lesser 
Snow 
Goose 
Expansion 
δ15N 
 
 
pigments 
 
 
 
δ13Corg 
 Increase from 0‰ suggests 
increased N availability and 
increased productivity 
 Decrease in cyanobacteria pigment 
abundance suggests increased N 
supply 
 Decrease suggests chemically-
enhanced CO2 invasion due to high 
productivity and high C demand  
δ13CDIC 
 
 
 
 
Δ13CDIC-POM 
 
conductivity 
 Mid-summer decline suggests 
chemically-enhanced CO2 
invasion due to high 
productivity and high C 
demand  
 Decrease in values to below 
20‰ suggest high C demand  
 High values due to erosional 
input of dissolved ions  
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Chapter 5: Paleolimnological assessment of riverine and atmospheric pathways and 
sources of metal deposition in a floodplain lake (Slave River Delta, Northwest 
Territories, Canada) 
 
5.1 Introduction 
As resource development has increased in northern Canada, so too have concerns 
regarding effects of associated pollutants on environmental and human health (e.g., Arctic 
Monitoring and Assessment Programme, 1998; Schindler, 2010). Determining the extent of 
pollution can be complicated because many contaminants of concern, including organic 
pollutants, heavy metals and radioactive substances, may come from a variety of industrial 
sources (CACAR, 2003), and they can be transported to northern communities and 
ecosystems by multiple pathways including via air and water. Further complexities may arise 
for those communities and ecosystems that are located near to where natural sources of these 
contaminants are also present (e.g., Hall et al., 2012). Unfortunately, environmental 
monitoring programs are often initiated long after resource development has already begun. 
Without knowledge of baseline, reference conditions, it is difficult or impossible to 
distinguish industrial-derived pollutants and their pathways from those contaminants that 
may be supplied from natural sources and processes of transport acting within the watershed 
(Bowman and Somers, 2005; Hawkins et al., 2010). 
The Slave River Delta (SRD), Northwest Territories, is an important floodplain 
landscape located downstream and downwind of major resource developments (Figure 5.1). 
Here, concerns of the local community have been growing regarding the potential far-field 
effects of oil sands mining activities in northern Alberta (Campbell and Spitzer, 2007; 
Wesche, 2007, 2009). In fact, the region that includes the Slave River and SRD is part of 
Environment Canada’s ‘Phase 2’ Integrated Monitoring Plan for the Oil Sands in recognition 
of the possibility for far-field transport and accumulation of oil sands contaminants 
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(Environment Canada, 2011). These concerns prompted our study. As part of an initiative led 
by the Slave River and Delta Partnership [http://www.nwtwaterstewardship.ca/node/74], we 
launched a paleolimnological project to assess the nature of polycyclic aromatic compound 
(PACs; Elmes et al., In Review) and metal (this study) deposition at the SRD, building on the 
success of similar studies at the Peace-Athabasca Delta (PAD; Hall et al., 2012; Wiklund et 
al., 2012, 2014). In the absence of direct measurements, paleolimnological investigations 
offer one of the very few methods to establish pre-development baseline, or reference, 
conditions for contaminants in aquatic ecosystems, which are necessary to identify pollution 
from industrial activity (e.g., Kurek et al., 2013). Although paleolimnological results from 
the PAD suggested that both fluvial and airborne pollution from industrial development of 
the Alberta oil sands are unlikely to reach the more distant SRD (Hall et al., 2012; Wiklund 
et al., 2012; 2014), no knowledge exists of baseline conditions of contaminant deposition in 
the SRD. Nor is there knowledge of whether oil sands and other sources of contaminants 
derived from natural processes occurring upstream along the Athabasca and Peace rivers are 
present in the delta. Over 100 km of the Athabasca River and its tributaries contain shoreline 
exposures of the bitumen-rich McMurray Formation. Natural erosion of these strata was 
identified as the overwhelming source of ‘river-transported bitumen-associated’ PACs that 
are deposited in floodplain lake sediments of the Athabasca Delta (Hall et al., 2012). And, 
the Peace River has also been identified as a source of natural, petrogenic PACs supplied to 
the northern Peace sector of the PAD (Jautzy et al., 2015). During the course of the present 
study, we also recognized that pollutants from other northern resource developments may be 
contained in SRD lake sediments, including arsenic (As) from gold smelting emissions at 
Giant Mine near Yellowknife (Figure 5.1; Hocking et al., 1978). 
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Deltas are hydrologically-complex landscapes but have the potential to record and 
archive, in their floodplain lake sediments, contaminants that are derived from multiple 
pathways. For example, in the PAD, Hall et al. (2012) used lowland floodplain lake sediment 
records to examine PAC deposition delivered by river floodwaters during high flood 
frequency intervals before and after onset of oil sands development, and Wiklund et al. 
(2012) used an upland lake sediment record beyond the reach of river floodwaters to 
reconstruct temporal changes in atmospheric deposition of metals to the area. Here, we 
utilize an exceptionally detailed pulse-flood record from a lake in the SRD to improve 
knowledge of metal deposition via fluvial processes from analysis of sediment intervals 
deposited during periods of high flood frequency and metal deposition by atmospheric 
transport from analysis of sediment intervals deposited during periods of low flood 
frequency. We incorporated the approaches described by Wiklund et al. (2014) for accurate 
interpretations of the extent of pollution, which includes normalizing metal concentrations to 
Li to account for variations in grain size and mineralogy (Loring, 1991; Kersten and Smedes, 
2002) that occur over time and space in deltas and other depositional environments with 
widely varying energy conditions. We apply this method to establish baseline concentrations 
of metals, assess temporal patterns of change in relation to depositional processes and 
pathways, and determine whether there is evidence of pollution from resource development 
to this remote northern landscape. 
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5.2 Methods 
Study Site 
The SRD is a large floodplain landscape (~400 km
2
) with abundant forests, channels, 
wetlands and small lakes that span broad hydrological gradients and provide important 
habitat for a diverse array of wildlife and resources, and which support the traditional 
lifestyle of the mainly First Nation community of Fort Resolution (English et al., 1997; 
Brock et al., 2007; Sokal et al., 2008). The SRD has formed in response to deposition of 
sediment by the Slave River where it enters Great Slave Lake. The Slave River originates 
north of the PAD where the Peace River and Rivière des Rochers meet in northern Alberta, 
and its watershed includes the Peace and Athabasca rivers (Figure 5.1). Approximately two-
thirds of annual Slave River discharge is derived from the Peace River and the remaining 
third comes from other north-flowing tributaries in the PAD, including Rivière des Rochers, 
Revillon Coupé, and Chenal des Quatre Fourches, which carry flow from the Athabasca 
River and Lake Athabasca (English et al., 1997).  
In this study, we utilize the recent (post-1920s) sediment record from lake ‘SD2’ 
(61°16'56.21"N, 113°34'55.51"W), which is a small (~1.2 km
2
), shallow (maximum depth 
~1.5 m) flood-dominated lake in the SRD (Figure 5.1). SD2 is pivotally located at a sharp 
bend in the Slave River where it divides into multiple distributary channels, making the lake 
prone to receive river floodwaters during spring ice-jam events. Prior paleolimnological 
studies using a diverse set of indicators revealed SD2 contains a very detailed record of 20
th
 
century Slave River flood history that corresponds well with temporal patterns evident in 
river discharge data and with local traditional knowledge of flood events (Brock et al., 2010).  
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Sediment Core Collection 
A 48-cm long sediment core was retrieved from SD2 in September, 2011 using a 
Glew (1998) gravity corer fitted with a Lucite tube (7.62 cm inner diameter). The core was 
transported to Deninu School in Fort Resolution and sectioned into 1.0-cm intervals using a 
vertical extruder (Glew, 1998). All samples were sealed in Whirl-Pak® bags and stored in 
the dark at 4°C during shipping and until analysis.  
 
Sediment Core Analyses 
Chronological (
137
Cs) and geochemical (organic carbon and nitrogen elemental and 
isotope composition) results used to reconstruct the lake’s flood history to the early 20th 
century are reported in Elmes et al. (In Review). For metal analyses, subsamples from every 
1-cm interval of freeze-dried sediment from the core were analyzed at ALS Canada Ltd 
(Edmonton) following the method EPA 200.2/6020A and EPA 200.2/245.7 (total Hg). 
Metals that we report results for include the 13 priority pollutants under the US 
Environmental Protection Agency’s Clean Water Act (Sb, As, Be, Cd, Cr, Cu, Pb, Hg, Ni, 
Se, Ag, Tl and Zn), as well as V, a key metal of concern associated with the Alberta oil sands 
development (Jacobs and Filby, 1982; Reynolds et al., 1989; Gosselin et al., 2010). As 
explained below, we also report Li for the purposes of normalizing metal concentrations to 
variations in grain size and mineralogy. 
 
Stratigraphic and Numerical Analyses 
 To assess temporal changes in metal concentrations in the SD2 sediment core, we 
first explored stratigraphic patterns in relation to intervals of high and low flood frequency, 
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as defined by Elmes et al. (In Review). Then, we followed normalization approaches using Li 
outlined by Wiklund et al. (2014) to account for the negative correlation of grain size and 
metal concentration (Loring, 1991; Kersten and Smedes, 2002) because SD2 is subject to 
varying energy conditions that result in grain-size variations.  
To assess potential for metal pollution in SD2 sediments from the oil sands 
development, we assumed Slave River floodwaters are the predominant pathway, because 
evidence indicates atmospheric supply of contaminants has not become elevated at the PAD, 
which is located ~300 km closer to the mining activity (Hall et al., 2012; Wiklund et al., 
2012). First, we developed linear relations for pre-1967 (year commercial oil sands 
development began; Gosselin et al., 2010) lake sediment metal concentrations relative to Li 
concentration using samples within high flood frequency intervals (Figure 5.2). And, we 
established 95% prediction intervals (PI) about this relation to define the natural range of 
variation in normalized metal concentrations in sediments supplied by the Slave River.  Due 
to the possibility of multiple sources of metals (e.g., eroded from metal-bearing deposits 
along the Athabasca and Peace rivers), we did not force regressions through the origin, as is 
commonly done when only one source is expected (e.g., Loring and Rantala, 1992; Wiklund 
et al., 2014). Second, we evaluated post-1967 sediment metal concentrations for samples 
within high flood frequency intervals against the baseline constructed from the pre-1967 oil 
sands development intervals of high flood frequency. We also assessed metal concentrations 
during low flood frequency intervals against the pre-1967 oil sands development baseline 
because of the possibility that flood-derived sediment in SD2’s catchment may be 
subsequently mobilized and deposited in the lake by snowmelt and rainfall runoff or by 
blowing dust. If >2.5% of post-1967 lake sediment samples fall above the upper 95% PI, this 
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identifies an additional source of the metal (Loring, 1991; Kersten and Smedes, 2002), 
possibly due to oil sands pollution. Third, we re-expressed these data as time-series plots of 
residuals about the metal-Li relation, which provides an ability to assess temporal trends of 
past and ongoing monitoring data relative to the baseline (residual = 0) (see Wiklund et al., 
2014). In these residual plots, we used linear extrapolation of the widest PI for the pre-1967 
samples as a benchmark to assess for pollution, as described in Wiklund et al. (2014). 
Atmospheric emissions from the Giant Mine increased rapidly beginning in the 1950s 
and then decreased rapidly after this decade following implementation of emission control 
measures (Hocking et al., 1978). To assess potential for As pollution from Giant Mine during 
the 1950s, we modified the methods described above (and in Figure 5.2) because Giant Mine 
pollution to the SRD would be primarily by atmospheric pathways and the evidence of 
pollution would be best captured in the stratigraphic record during times of reduced river 
flooding rather than in sediments deposited at times of frequent flooding. To do this, we 
developed baseline As-Li relations and PIs based on pre-1950s and post-1960s samples 
deposited during periods of low flood frequency. The 1950s was a low flood frequency 
interval in the SD2 stratigraphic record and As data from this interval were examined against 
the low flood frequency As-Li baseline, and then subsequently re-expressed as a time-series 
plot of residuals about the As-Li relation. 
 
5.3 Results 
Temporal Patterns of Change 
Variations in C/N ratios in the SD2 sediment record are driven by paleohydrological 
conditions, where high ratios represent intervals of increased allochthonous organic matter 
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supplied by river floodwaters and low ratios represent intervals of greater autochthonous 
organic matter from in-lake production (Brock et al., 2010). Based on these data and a 
sediment chronology linearly extrapolated by depth from the 1963 
137
Cs peak at 26.5 cm 
(Elmes et al., In Review), intervals of high flood frequency include ~1926-1928 (46-45 cm), 
~1931 (43 cm), ~1935-1950 (41-33 cm), ~1963-1968 (26-23 cm), ~1974 (20 cm), ~1986-
1994 (13-9 cm) and ~1999 (6 cm). Intervals of low flood frequency include ~1924 (47 cm), 
~1930 (44 cm), ~1933 (42 cm), ~1952-1961 (32-27 cm), ~1970-1972 (22-21 cm), ~1975-
1985 (19-14 cm), ~1996-1998 (8-7 cm) and ~2001-2011 (5-0 cm) (Elmes et al., In Review). 
These results, and the reconstruction of past variability in flooding, are similar to the 
previously published record from SD2 (Brock et al., 2010). Notably, the interval from ~1952-
1961 has the lowest C/N ratios in the stratigraphic record. Brock et al. (2010) identified that 
lake levels during this interval were extremely low (5-15 cm) based on the presence of 
Sagitarria cuneata seeds, a consequence of an extended period with minimal influence of 
Slave River flooding. 
The stratigraphic profiles for the 13 priority pollutant metals and V show prominent 
temporal variations, and are largely mirror images to that of the C/N profile (Figure 5.3). 
Stratigraphic intervals with high C/N ratios (i.e., high flood frequency) typically have 
relatively low concentrations of metals and, conversely, stratigraphic intervals with low C/N 
ratios (i.e., low flood frequency) tend to have relatively high concentrations of metals (Figure 
5.3). Peak concentrations for the majority of metals occur during the late 1950s (low C/N 
ratios, low flood frequency), which is especially evident in the As profile. In contrast, lowest 
metal concentrations occur during the late 1930s, 1940s and 1990s, which are intervals of 
high flood frequency. Independent samples t-tests show that concentrations of all metals, 
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except As, are significantly higher (at alpha = 0.05) in sediments deposited post-oil sands 
development compared to those deposited pre-development. However, our analyses of the 
core from SD2 included a greater number of low flood frequency samples after 1967 (16) 
than before 1967 (9), which confounds the comparison because grain size exerts strong 
influence on sediment metal concentrations and highlights the need for normalization.  
 
Assessment of Metal Pollution 
To evaluate the magnitude of pollution since onset of oil sands development, baseline 
concentrations normalized to Li were determined from pre-1967 samples within C/N-ratio 
defined high flood frequency intervals (solid circles in Figure 5.4; See Appendix D Tables 
D2 and D3). In these samples, all metals show strong linear relations with Li (average r
2
 = 
0.801, not including As; As-Li r
2
 = 0.217, see below), and reflect the relationship between 
grain-size variations and metal concentrations. Post-1967 metal concentrations from high 
flood frequency intervals tightly cluster along the regression lines, overlap with the pre-1967 
data, and plot within the 95% PIs established from pre-1967 high flood frequency intervals, 
with the exception of two analyses (Be, Hg; open circles in Figure 5.4). Metal concentrations 
from post-1967 low flood frequency intervals show similar distributions, with five values 
positioned above the 95% PI (Cr, Hg, Se and two for V) and one value positioned right on 
the 95% PI (Be). Distributions of pre-1967 metal concentrations from low flood frequency 
intervals tend to be well characterized by the relation established for the pre-1967 high flood 
frequency intervals, with the notable exception of several As concentrations.  
To better visualize the timing of when Li-normalized metal concentrations exceeded 
the upper 95% PI, the residuals (i.e., the perpendicular distance of metal concentrations from 
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the metal-Li regression line) were plotted in a temporal sequence (Figure 5.5). During the 
post-1967 oil sands development era, two analyses from the high flood frequency intervals 
(Be in 1994 and Hg in 1990) and six analyses from the low flood frequency intervals (Be in 
2003, Cr in 1970, Hg in 1977, Se in 2011, V in 1970 and 2009) exceed the upper 95% PI. 
These eight exceedances represent 2.38% of total metal analyses in samples deposited since 
onset of oil sands development (n = 336), which provides no evidence that they have been 
enriched by oil sands pollution. On the other hand, it was more common for the residual 
values of metals to exceed the 95% PI in low flood frequency samples deposited during the 
1950s prior to the oil sands development era, especially for As (but also Sb, Cr, Se, Tl and 
V). This observation, combined with prior knowledge that this decade was characterized by 
extremely low flood frequency (Brock et al., 2010), suggests that a pathway of contaminant 
transport other than by river flooding may have been important during this pre-oil sands 
development time period – namely via the atmosphere . 
To explore further the high sediment As concentrations during the 1950s, we 
determined the atmospheric baseline for As-Li from the linear relation and PIs derived from 
low flood frequency samples deposited pre-1950 and post-1960 (Figure 5.6). Based on this 
relation, four of the five samples deposited during the 1950s contain unusually high As 
concentrations (i.e., exceeded the upper PI in 1954, 1955, 1957 and 1959). The As 
concentrations in these samples are above the Threshold Effects Level (5.9 mg kg
-1
; CCME, 
2014), which we attribute to far-field emissions from gold smelting at Giant Mine, as further 
discussed below.  
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5.4 Discussion 
Processes and Pathways of Metal Deposition at SD2 
Metal concentrations in the stratigraphic record from lake SD2 show marked 
fluctuations associated with variations in paleohydrological conditions, yet the apparent 
relations may seem somewhat unexpected. High sediment metal concentrations are 
associated with intervals of low flood frequency, whereas low concentrations are present in 
intervals of high flood frequency. This inverse relationship contrasts with delivery of ‘river-
transported bitumen-associated’ PACs to lakes ‘PAD23’ and ‘PAD31’ in the Athabasca 
Delta, where flood deposits were enriched in these contaminants compared to lacustrine 
sediments deposited in the absence of flooding (Hall et al., 2012), but is consistent with 
variations of ‘river-transported bitumen-associated’ PACs in the SD2 stratigraphic record 
(Elmes et al., In Review). Evidently, sediment-laden floodwaters from the Slave River that 
enter SD2 are relatively diluted in metals and organic contaminants in comparison to 
Athabasca River floodwaters that enter PAD23 and PAD31 at the Athabasca Delta. Although 
contributions of sediment from the Peace River may account for these differences, SD2 may 
simply receive a greater proportion of coarser-grained sediment during flood events that has 
relatively lower concentration per mass of sediment in comparison to finer-grained sediment 
that enters PAD23 and PAD31 during Athabasca River flood events. Supporting this notion 
is that SD2 is located immediately adjacent to the Slave River and, thus, likely receives 
higher-energy flows in comparison to the more ‘off-line’ hydrological settings of PAD23 and 
PAD31. Relatively higher metal concentrations during low flood frequency intervals in the 
SD2 sediment record may reflect finer-grained flood-derived sediment with relatively higher 
metal concentration per unit mass that was stored on the lake’s catchment and re-mobilized 
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during spring snowmelt or intense rain runoff events. Studies of additional lake sediment 
core records in the SRD along a gradient of flood intensity are required to further disentangle 
the influence of hydrological processes on floodplain metal stratigraphy. Clearly, however, 
these relations demonstrate that knowledge of paleohydrological conditions is crucial to the 
interpretation of the depositional history of metals at SD2, as has also been demonstrated in 
the PAD (Hall et al., 2012; Wiklund et al., 2012), and reflects the complex nature of 
contaminant deposition in lakes of deltas and floodplains. Although most of the variation in 
metal concentrations in the stratigraphic profile from SD2 can be explained by river 
floodwaters and their influence on grain size and associated metal content, paleohydrological 
knowledge was also key to inform that enrichment of some metals, most notably As (but 
possibly also Sb, Cr, Se, Tl and V), likely occurred via atmospheric pathways during the 
1950s. 
 In the absence of direct measurements, paleolimnological records of contaminant 
concentrations in locations where there are natural sources of contaminants provide unique 
opportunity to characterize baseline conditions and inherent, natural variation in the 
deposition of contaminants. In the pulse flood stratigraphic record of SD2, we utilized high 
flood frequency intervals to define baseline concentrations of metals delivered by Slave 
River floodwaters prior to the onset of oil sands development and we used low flood 
frequency data prior to 1950 and after 1960 to define baseline concentrations of metals 
delivered by atmospheric pathways and detect deposition of metal pollution emitted from the 
Giant Mine during the 1950s. Paleohydrological knowledge was, thus, also key to applying 
this novel approach for assessment of pollution from both oil sands development and Giant 
Mine emissions, as further discussed below. 
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Assessment of Metal Pollution from the Alberta Oil Sands Industry 
Community concerns in the SRD regarding pollution from the Alberta oil sands 
development have been mounting in response to previous research that has documented 
evidence of enhanced atmospheric deposition of heavy metals and PACs within a radius of at 
least 50-km from a defined center of the bitumen-upgrader facilities at the Alberta oil sands 
(Timoney and Lee, 2009; Kelly et al., 2009; 2010; Kurek et al., 2013; Kirk et al., 2014). Such 
concerns were the impetus for this study. However, post-oil sands development metal 
concentrations in both high flood and low flood frequency intervals from lake SD2 align with 
the determined pre-1967 oil sands development baseline concentrations. Of the 336 post-oil 
sands development samples measured in the SD2 stratigraphic record, only eight (~2.38%) 
exceeded the 95% PI. For all metals except As, concentrations in sediments deposited after 
onset of oil sands development were below the Interim Sediment Quality Guidelines for the 
Protection of Aquatic Life for those metals where this has been established which include: 
Cd (0.6 mg kg
-1
), Cr (37.3 mg kg
-1
), Cu (35.7 mg kg
-1
), Pb (35.0 mg kg
-1
), Hg (0.17 mg kg
-1
) 
and Zn (123.0 mg kg
-1
) (CCME, 2014). Arsenic exceeded the threshold concentration (5.9 
mg kg
-1
; CCME, 2014) in the majority of samples deposited both before and since onset of 
oil sands development. Therefore, we conclude that sediment metal concentrations at SD2 
have not been enriched by the Alberta oil sands development beyond natural, baseline 
concentrations. Instead, results indicate that accumulation of metals has occurred at SD2 via 
natural processes of fluvial transport and deposition for at least the past 90 years. 
We note that generally higher metal concentrations post-1967 (except As), evident in 
both the stratigraphic plots (Figure 5.3) and from independent samples t-tests, clearly point to 
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the need to normalize metal concentrations to account for variations in grain size, and the 
need to determine pre-development baseline concentrations. Without such knowledge, it is 
impossible to evaluate properly time series of sediment metal concentrations for evidence of 
pollution due to human activities. For example, one might incorrectly associate the apparent 
rise in bulk metal concentrations in post-1967 samples to pollution from oil sands 
development, but the difference is simply a function of increased occurrence of finer-grained 
sediments deposited during intervals of lower flood frequency, which is likely a consequence 
of climate-driven decline of river discharge (Brock et al., 2010). 
While lack of evidence for enhanced metal deposition associated with oil sands 
development at SD2 is consistent with findings in the PAD, which have assessed both fluvial 
and atmospheric pathways (Wiklund et al., 2012; 2014), absence of high flood frequency 
deposits in the most recent strata, which corresponds to a time of accelerated growth in the 
oil sands industry, does impose some limitations to our findings. Yet, some of the metals 
contained in the SD2 record delivered by fluvial pathways appear to be derived from 
elsewhere in the watershed, based on superimposing metal-Li concentrations in post-1967 
high flood frequency sediments from SD2 on the baseline metal-Li relations developed by 
Wiklund et al. (2014) for river sourced-sediment in the Athabasca Delta (Figure 5.7). Li-
normalized concentrations for Cd, Cr, Ni, Zn and V in sediments from SD2 consistently plot 
along unique trajectories at or just above the 95% PIs defined for these metals at the 
Athabasca Delta, suggesting that SD2 receives metals from sources that are enriched relative 
to those that supply the Athabasca River. A possible source is the Peace River, which 
contributes two-thirds of Slave River discharge. Differences in surficial geology of the 
watersheds of these rivers, including outcrops of coal seams in the Peace watershed identified 
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as a possible source of PACs that enter the northern Peace sector of the PAD during flood 
events (Jautzy et al., 2015), likely account for the differences in metal-Li relations in lake 
sediments at the SRD and PAD. These findings demonstrate that baseline metal 
concentrations established at one location by paleolimnological methods may not be directly 
transferrable to other landscapes, but they can be used to detect other potential sources of 
metal deposition. 
 
Assessment of As Pollution During the 1950s 
 Although not the original intent of this study, elevated As concentrations identified 
during the extremely low flood frequency interval of the 1950s at SD2 necessitated further 
exploration. Assuming deposition via atmospheric pathways, and when plotted against 
baseline concentrations as determined from low flood frequency intervals pre-1950 and post-
1960, four samples had unusually high As concentrations (1954, 1955, 1957 and 1959). After 
1959, As concentrations decrease rapidly and return to baseline concentrations. These results 
indicate an additional source of As was deposited at SD2 during the 1950s. 
At this time, the Giant Mine in Yellowknife (NWT) developed rapidly (Hocking et 
al., 1978; Figure 5.1). The gold deposit at Giant Mine is composed of arsenopyrite ore 
(AADNC, 2013) and to convert the arsenopyrite to roaster calcine and then to gold, highly 
toxic As vapour was released as a by-product. Arsenic pollution from Giant Mine has long 
been a concern for the city of Yellowknife. Consequently, many studies have assessed As in 
water, sediment, soil, snow, plants and animals in the Yellowknife region and found elevated 
concentrations (e.g., Hutchinson et al., 1982; Murdoch et al., 1989; Bright et al., 1996; 
Jackson et al., 1996; Koch et al., 2000; Andrade et al., 2010; Bromstad, 2011). However, to 
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our knowledge, none have identified As pollution from Giant Mine at more distant locations. 
Peak sediment As concentrations (19.1 mg kg
-1
) at SD2 exceeded our defined baseline 
concentrations, as well as CCMEs Probable Effects Level (17.0 mg kg
-1
). The timing of the 
peak is consistent with reported emissions from Giant Mine (Hocking et al., 1978; Figure 
5.8). Furthermore, sediments containing the As peak were high in Sb, Ca and Sr 
concentrations, which are major volatile elements within the mineralogy of the Giant Mine 
ore deposit (arsenopyrite, stibnite within quartz-carbonate veins; Silke, 2013). In 1958, a 
two-stage roaster was installed to improve efficiency and recovery of pollutants, and a 
baghouse was constructed to reduce emission rates (Bromstad, 2011; AADNC, 2013). After 
these measures were undertaken, As emissions from Giant Mine decreased markedly and this 
appears to be captured by rapid decline in As concentration to baseline levels in the SD2 
sediment record. We note that the timing of maximum As pollution from Giant Mine 
occurred during very low water levels at SD2. Absence of dilution of sediment-As 
concentrations by As-poorer sediment from Slave River floodwaters provided the ideal 
hydrological conditions for atmospheric-transport of pollution to be archived in the 
stratigraphic profile at this location. Given that Giant Mine is the closest major source of As 
emissions and the timing of peak sedimentary As concentrations at SD2 coincides with peak 
emissions from that mine, our findings suggest pollution from Giant Mine extended at least 
~140 km to the south of Yellowknife. 
 Far-field As pollution from Giant Mine may also be evident in the PAD, given that it 
is likely the closest major point source of As emissions (Figure 5.8). Peak concentrations in 
residual As have similar timing, despite lower values in lake ‘PAD18’, an elevated 
precipitation-fed lake situated ~20 km north of the town of Fort Chipewyan in the Peace 
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Delta (Wiklund et al., 2012) and ~430 km south of Giant Mine. By the late 1950s, residual 
As concentrations in PAD18 also decreased, but more gradually than observed in SD2. The 
gradual decline in PAD18 versus the sharp decline in SD2 may reflect the very different 
hydrological settings of the two basins. While emissions declined, a return to high flood 
frequency may have substantially diluted the As concentrations at SD2 with river-transported 
sediment from unaffected areas, leading to an abrupt decline in the As stratigraphic record. In 
contrast, PAD18 remained precipitation-fed and perhaps more accurately portrays reduction 
in atmospheric transport of Giant Mine As emissions.  
 
5.5 Conclusions 
Paleohydrological reconstruction based on measurements made on a sediment core 
from a flood-dominated lake in the Slave River Delta provided necessary context to develop 
baseline concentrations of metals delivered by fluvial and atmospheric pathways for 
assessing pollution from regional mining point sources. Since onset of Alberta oil sands 
development (post-1967), concentrations of metals in both high and low flood frequency 
intervals, normalized to Li to account for variations in grain size and mineralogy, were within 
the natural range of variability defined by pre-1967 high flood frequency interval metal 
concentrations. These results indicate that oil sands development has not yet enriched 
sediment metal concentrations above natural levels conveyed by Slave River floodwaters to 
lake SD2. Indeed, our study demonstrates that metals have naturally accumulated in the SRD 
for at least ~90 years, although greater concentrations are found in finer-grained sediments 
that are re-deposited from the lake’s margins during periods of low flood frequency. 
Comparison to baseline metal-Li relations developed for the lower Athabasca River reveal 
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that fluvial-derived metals in SD2 sediments may in fact be derived from other source(s) in 
addition to the Athabasca River. Erosion of metal-bearing deposits along the Peace River is a 
likely source because the Peace River supplies two-thirds of the Slave River’s flow. 
Importantly, our analysis revealed elevated As concentrations were captured in the lake 
sediment record during the 1950s when water levels were extremely low at SD2 and floods 
were not frequent, suggesting transport from a source of pollution via the atmosphere. 
Residual As, calculated after defining background Li-normalized As concentrations from 
pre-1950 and post-1960 low flood frequency intervals, showed strong correspondence with 
As emission history from Giant Mine, located ~140 km to the north, suggesting a much 
broader atmospheric pollution footprint during the early phase of mine operation than has 
previously been recognized. Despite complex hydrological environments of floodplain lakes, 
their sediments provide a detailed and informative record of pathways and processes of 
contaminant deposition, as needed to identify sources of pollution. 
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5.7 Figures  
 
Figure 5.1: Maps and photo showing the Slave River Delta (Northwest Territories, Canada) 
and the study lake (SD2). The Slave River Delta is located downstream of the Alberta oil 
sands development and downwind of Giant Mine, a former gold mine near Yellowknife, 
NWT.  
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Figure 5.2: Schematic diagram showing the Three-Step approach to assess metal pollution (e.g., zinc) from analyses of pre-
development sediments supplied by floodwaters to flood-prone lakes. In the first step, we characterize baseline metal 
concentrations in river sediment by analyzing metal concentrations in pre-development lake sediments deposited by floodwaters. 
To do this, we develop linear relations for pre-development lake sediment metal concentrations relative to Li concentration, as is 
commonly done to normalize for grain-size effects because metals adsorb preferentially to clay-sized sediment and fluctuations in 
energy of river flow generate grain-size variations (Loring, 1991; Kersten and Smedes, 2002). And, we establish 95% prediction 
intervals (PIs) about this relation to define the natural range of variation. Second, we evaluate post-development sediment metal 
concentrations in flood-supplied stratigraphic samples against the pre-development baseline generated in Step 1. If >2.5% of post-
development monitoring samples fall above the upper 95% PI, this identifies they have received an additional source of the metal, 
possibly due to pollution (Loring, 1991; Kersten and Smedes, 2002). Third, we re-express these data as time-series plots of 
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residuals about the metal-Li relation to assess temporal trends of both past and ongoing monitoring data relative to the baseline 
(residual = 0), so that individual sample results can be evaluated for pollution immediately upon data acquisition.  
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Figure 5.3: Stratigraphic profiles for the ratio of organic carbon-to-nitrogen concentration 
(C/N) and concentrations of 13 priority pollutant metals, vanadium and lithium. Grey 
horizontal shading indicates intervals of high flood frequency based on the C/N ratio, 
whereas absence of shading indicates intervals of low flood frequency (Elmes et al., In 
Review). 
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Figure 5.4: Scatterplots showing regressions of metal concentrations versus lithium 
concentration. Linear regressions (solid lines) and 95% prediction intervals (dashed lines) 
based on sediments deposited pre-1967 during intervals of high flood frequency.  
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Figure 5.5: Time-series plots showing temporal patterns of change in residual metal 
concentrations from the Li-normalized pre-1967 baseline based on sediments deposited at 
lake SD2 during intervals of high flood frequency (horizontal solid line at 0). Dashed lines 
represent the widest 95% prediction interval from the pre-1967 high flood frequency data.   
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Figure 5.6: Left panel shows a scatterplot of arsenic concentration versus lithium 
concentration in sediments deposited in lake SD2 during intervals of low flood frequency 
pre-1950 and post-1960 (black circles). The linear regression (solid line) and 95% prediction 
intervals (dashed lines) are shown. Open circles are from the low flood frequency interval of 
the 1950s. Right panel shows a re-expression of these data as time-series plots of residuals 
about the As-Li relation to assess temporal patterns of arsenic pollution above the pre-1950 
and post-1960 low flood frequency baseline (horizontal solid line at 0). Dashed lines 
represent the widest 95% prediction interval. 
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Figure 5.7: Scatterplots showing Li-normalized metal concentrations in sediment samples 
from lake SD2 deposited post-1967 during intervals of high flood frequency superimposed 
on pre-development (pre-1920s) baseline (solid lines) and 95% prediction intervals (dashed 
lines) constructed for the Athabasca Delta from analyses on sediment cores from lakes 
PAD23 and PAD31 (from Wiklund et al., 2014). Also shown are RAMP (Regional Aquatics 
Monitoring Program) data from surficial river sediment samples taken from downstream 
Athabasca River and Delta stations, as reported in Wiklund et al. (2014).  
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Figure 5.8: Comparison of As emissions from Giant Mine as supplied by the company and by 
Northwest Region, Environmental Protection Service and reported in Hocking et al. (1978), 
with the temporal pattern of change in residual As concentration in sediments from lakes 
SD2 and PAD18 (Wiklund et al., 2012). SD2 residual As concentrations were derived from 
the As-Li relation of low-frequency flood samples from pre-1950 and post-1960 (Figure 5.6). 
PAD18 residual As concentrations were derived from the pre-1900 As-organic matter 
samples. Vertical grey bars represent intervals of high flood frequency at SD2 that bracket 
the ~1950s. 
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Chapter 6: Synthesis and Recommendations 
Freshwater ecosystems are an abundant and significant feature of northern 
landscapes, but improved understanding of the observed and predicted effects of 
environmental stressors is needed in the face of increasing disturbance and change. These 
water-rich regions are especially vulnerable to climate change, yet remain amongst the least 
studied and most poorly understood ecosystems, especially with regards to the effects of 
multiple, potentially-compounding stressors. Within these understudied areas, it is especially 
crucial that research provides knowledge of pre-disturbance conditions in order to accurately 
and effectively assess the consequences of stressors that may have been increasing during the 
past years to decades. Cumulatively, this thesis developed new understanding of both present 
and past conditions by examining linkages among climate, hydrology and contaminant 
supply and their effects on the limnology and biogeochemistry of lakes in three relatively 
understudied areas. This information is crucial to discern the relative roles of multiple 
stressors, to develop long-term monitoring programs and to provide the required context for 
anticipating consequences of continued change. Below is a synthesis of the key contributions 
to research, management implications for government agencies and local communities, and 
recommendations for ongoing and future research. 
 
6.1 Synthesis of Key Contributions  
Characterization of Pre-Disturbance Conditions to Assess Effects of Stressors on Northern 
Freshwater Ecosystems 
Northern freshwater resources are increasingly subjected to disturbances from 
multiple stressors. Unfortunately, however, environmental monitoring programs are not often 
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initiated until well after the effects of the stressor have already begun (Schindler and Smol, 
2006). This results in a gap of knowledge on the ecosystem’s pre-disturbance conditions or 
baseline and the range of natural variability, which is required to assess the extent of 
degradation caused by the potential stressors (Smol, 2002). In locations where long-term 
monitoring data are not available, paleolimnology provides one of the only methods able to 
quantify the rate and magnitude of environmental change. In this thesis, paleolimnological 
methods were used in all three landscapes to help address research needs and concerns of 
local communities and agencies by characterizing the pre-disturbance conditions and 
evaluating the effects of different stressors.  
In the Old Crow Flats (OCF), results from physical, geochemical and biological 
proxies were used to establish pre-disturbance conditions at Lake OCF48 and assess changes 
during the past several decades due to climate warming. This complemented information 
provided by aerial images, and provided new insight into the apparent water-level decline. 
Four distinct hydroecological phases were identified, including an ~100 year stable period at 
the start of the sediment record. The stratigraphic changes throughout the core were 
consistent with a full thermokarst expansion-drainage cycle. By determining the 
hydrolimnological history of the lake and comparing that with meteorological records, it was 
determined that the lake-level decline observed in the aerial images was caused by increased 
precipitation that led to lake drainage. Through this study, methods that could discriminate 
the cause of water-level declines (thermokarst expansion-drainage cycles vs. lake 
desiccation) were identified which is important for understanding baseline conditions. 
Knowledge of increases in lake-desiccation or acceleration of thermokarst-expansion 
158 
 
drainage cycles compared to baselines is important for identifying the effects of climate 
warming. 
At Wapusk National Park (WNP), paleolimnological reconstructions were used to 
establish baseline hydroecological conditions in three ponds to determine how climate 
change and waterfowl population expansion have affected freshwater ecosystems, and to 
distinguish the driver(s) of change. Results identified three phases at ponds located in 
catchments disturbed by Lesser Snow Geese (LSG) during the past several centuries, 
whereas only two phases were identified at the non-disturbed pond. All three ponds had 
baseline conditions that were consistent with a relatively cold, turbid, and low light aquatic 
environment. Between the late ~1800s and the early ~1900s, all three ponds underwent a 
limnological regime shift towards increased productivity, which can be attributed to climate 
warming at the end of the Little Ice Age. While these new conditions persisted to present in 
the non-disturbed pond, another abrupt shift occurred in the mid-1970s in the two LSG-
disturbed ponds, which can be attributed to the LSG population expansion. Additionally, the 
15 low disturbance ponds assessed in Chapter 3 provide contemporary baseline information 
for future studies, as the LSG population is continuously expanding and will likely eventually 
reach these areas. Overall, the analysis of both multiple contemporary and paleolimnological 
variables provided information needed to establish baseline conditions, which were then used 
to distinguish the effects of climate warming and LSG disturbance. 
Results from the Slave River Delta (SRD) demonstrated that paleohydrological 
reconstructions of a flood-dominated lake can be used to effectively inform development of 
baseline concentrations of metals delivered by both fluvial and atmospheric pathways. These 
baseline data were then used to assess for heavy metal pollution by industrial sources. To 
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assess for potential fluvial deposition of contaminants from the Alberta oil sands, baselines 
were established using only the pre-1967 high flood frequency interval metal concentrations. 
Natural variations in grain size were accounted for in the baseline by normalizing metal 
concentrations to Li via linear regression and determining 95% prediction intervals (PI) 
based on the pre-1967 high flood frequency linear relation. When post-1967 metal 
concentrations were compared to the baselines, no evidence of enhanced concentrations of 
metals was identified. Instead, samples were generally within the range of expected 
variability due to natural processes of supply and deposition from variations in flood-energy 
conditions. To assess for potential atmospheric contamination from Giant Mine 
(Yellowknife, NWT), baselines were determined from the pre-1950 and post-1960 low flood 
frequency interval metal concentrations using the same method as above. The 1950s were 
tested for pollution, as this is the time period where substantial atmospheric emissions were 
released from the gold smelting processes at Giant Mine. When metal concentrations from 
the 1950s were compared to the baseline, unusually high concentrations of As were 
identified, which suggests far-field atmospheric pollution from Giant Mine reached this site 
located 150 km to the south. 
By using paleolimnological methods in this thesis, pre-disturbance conditions were 
successfully established in all of the studies. This information was crucial for the accurate 
determination of the effects of the different stressors in each location. The baselines 
characterized in this thesis can also provide other researchers, local communities, 
government agencies and natural resource managers with an effective tool for ongoing 
monitoring of the freshwater ecosystems. Based on the findings of Chapter 2, predictions 
were made on the expected stratigraphic profiles or typical baselines for lakes in the OCF 
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that have experienced water-level decline due to rapid drainage or due to evaporation (Figure 
6.1). This template can now be used in the OCF by Parks Canada and other researchers in 
future studies to help distinguish whether sediment cores from different thermokarst lakes are 
showing signs of drainage or evaporation. Evidence of accelerated thermokarst expansion-
drainage cycles compared to past cycle lengths or evidence of lake-level drawdown from 
evaporation would likely indicate deviations of the lake away from baseline conditions to a 
new regime under the influence of climate warming. At WNP, pre-disturbance conditions 
were established for coastal ponds that had not yet been influenced by climate warming or 
LSG population expansion. Additionally, new baseline conditions after each regime shift 
were also established. Based on findings from Chapter 3 and Chapter 4, templates have been 
made for the expected seasonal profiles of variables in ponds that have experienced climate 
warming effects and ponds with varying degrees of LSG disturbance (example Figure 6.2). 
This template can now be used in WNP by Parks Canada and other researchers to improve 
ability to identify limnological changes from baseline conditions due to these stressors. By 
developing long-term records, this thesis was also able to identify the best variables for 
identifying limnological regime shifts away from the baseline conditions (elaborated on in 
section 6.2). In the SRD, future monitoring programs or studies can use the baselines 
established in this thesis and the processes outlined in Chapter 5 (example of processes in 
Figure 6.3) to assess for pollution. Future monitoring programs could collect Slave River 
sediments or surface sediments from SD2 to compare with the baselines and assess for 
pollution transported via both the river and atmosphere. If there is a large deviation from the 
baseline (i.e., if >2.5 % of samples exceed the upper 95% PI), this finding would alert natural 
resource managers to the fact that concentrations are no longer within the expected range of 
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natural variability and industrial contamination has reached the SRD. The approaches used in 
this thesis to characterize baselines in the three different landscapes may be transferrable to 
other similar landscapes when pre-development data are unavailable.  
 
 
Methods for Evaluating Effects of Stressors in Northern Freshwater Ecosystems 
 Another major contribution of this thesis to scientific research was the expansion on 
methods that have been previously used or are commonly used in northern hydrolimnological 
studies that assess the consequences of different stressors. In thermokarst landscapes, studies 
that evaluate lake-level changes have largely relied on remote sensing images (e.g., Smith et 
al., 2005; Riordan et al., 2006). In Arctic and Subarctic landscapes, limnological studies that 
assess waterfowl disturbance have traditionally relied on single, point-in-time sampling or 
sediment records to assess waterfowl effects on concentrations of major nutrients (N, P; e.g., 
Keatley et al., 2009; 2011; Côté et al., 2010). In northern landscapes facing increased 
resource development, potential contamination has often been examined by the comparison 
of metal concentrations upstream and downstream of industry (e.g., Kelly et al., 2010). 
However, findings from this thesis illustrate that important trends and changes could 
potentially be missed when relying on these methods alone. Instead, when additional tools in 
this thesis were used in combination with the more conventional approaches, consequences 
of stressors in northern freshwater environments were able to be more fully and accurately 
assessed.  For example, research presented in Chapter 2 expanded on previous methods by 
combining aerial images, which indicated a lake-level decline somewhere within a ~30 year 
period, with multi-proxy paleolimnological analysis to reconstruct a continuous record of 
hydrological conditions for a thermokarst lake. Paleolimnology had not been widely used in 
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thermokarst lakes due to concerns that active thermokarst processes may disrupt the record. 
The stratigraphic variations in the sediment record and timing from age-depth model based 
on 
210
Pb dating corresponded well with the timing of changes in the aerial images, which 
provided support for the paleolimnological approach in this landscape. The sediment record 
actually identified an additional hydrologic phase, provided more precise timing of lake-level 
decline than the aerial images, and allowed the attribution of water-level change to lake 
drainage. The success of this study confirmed that paleolimnological methods can be applied 
in thermokarst landscapes to obtain a coherent record of hydrolimnological change, despite 
their complex sedimentary environments, and provide more information than aerial images 
alone. 
Research presented in Chapter 3 expanded on previous methods by using seasonal 
instead of single point-in-time sampling of major nutrients, as well as carbon isotope 
measurements of dissolved inorganic carbon and particulate organic matter instead of just 
major nutrient concentrations. Results demonstrated that carbon isotope measurements were 
far more informative than standard limnological measurements alone, as they were able to 
track the large shift in carbon cycling due to LSG disturbance that were otherwise missed, 
likely due to rapid nutrient uptake by the benthic mat. The use of seasonal sampling was 
critical in distinguishing these changes from fluctuating meteorological conditions. Overall, 
this study showed that carbon isotope tracers can be used effectively to track variations in 
biogeochemical conditions from waterfowl disturbance, which may be undetectable using 
conventional limnological measurements alone.  
In Chapter 4, the integration of contemporary methods from Chapter 3 with 
paleolimnological approaches allowed the dual effects of climate warming and LSG 
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population expansion to be assessed and regime shifts to be identified for each stressor. The 
understanding of contemporary limnological and biogeochemical conditions in LSG 
disturbed ponds compared to non-disturbed ponds helped to attribute temporal changes in the 
sediment record to their appropriate stressors. As well, measuring a wide array of variables 
(diatoms, pigments, nutrients and physical properties) allowed for better characterization of 
each phase and the consequence of the stressor than is often possible when only one proxy is 
examined.  
Research presented in Chapter 5 expanded on previous contaminant study methods by 
assessing changes in metal concentrations while incorporating the hydrological history of the 
lake, which provided a more accurate assessment of the results. This was found to be 
particularly important in the delta environment as metal concentrations fluctuated with flood 
conditions. By normalizing data with Li, natural variations in grain size due to flood 
conditions were taken into account. This chapter illustrated that knowledge of the flood 
history and their relationships with metal concentrations were crucial in assessing pollution 
and determining important vectors and sources. And in contrast, blindly assessing only 
stratigraphic changes in metal concentration without hydrological information may have led 
to the incorrect conclusion of pollution from the Alberta oil sands in this study. The success 
of this study also confirmed that paleolimnological methods can be used in delta lakes to get 
a clear record of contaminant deposition, despite their complex sedimentary environments.  
Together, the use of multi-proxy studies throughout this thesis allowed for an 
assessment of the best indicators for tracking hydrolimnological responses to different 
stressors. In Chapter 2 and 4 a wide range of variables in the sediment record were measured 
including physical (organic matter, mineral matter and calcium carbonate), geochemical 
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(carbon and nitrogen elemental and isotopic values) and biological (diatom community 
composition and pigment concentrations) properties, all of which required different amounts 
of lab work and analysis, personnel expertise and financial costs. These ranged from the 
relatively quick, easy and cheap measurements of organic matter, mineral matter and calcium 
carbonate through loss-on-ignition (LOI) methods to the much more time consuming and 
costly measurements of diatom community composition. In Chapter 2, the simplest of these 
measurements, physical properties from LOI, were just as clear as the other more costly 
variables in tracking the different phases and hydrological evolution of the pond and 
identifying the cause. Thus, for future paleolimnological studies in the OCF that are 
interested in only assessing water-level changes the use of the simple cost-effective sediment 
core analyses of LOI may be adequate. LOI and/or aerial images could also be used to pre-
screen for water-level declines, and then a subset of samples could be used to confirm and 
characterize hydrolimnological responses. However, although cost effective for assessing 
water-level changes, the use of only LOI runs the risk of over-simplifying lake processes. 
Additionally, it is possible that with very high sedimentation rates from thermokarst activity 
that the sediment record may become too disturbed to get a clear record. These methods 
could also be tested and then applied in other thermokarst landscapes where declining water 
levels are also of concern, such as the thermokarst landscape in the Hudson Bay Lowlands. 
In Chapter 4, multiple-proxies were needed to effectively characterize the different 
limnological regimes, but the most helpful tools for identifying the consequences of climate 
warming in coastal fen ponds in WNP were LOI, shifts in diatom community composition 
and appearance of cyanobacteria pigments. In contrast, the most effective variables for 
identifying the consequences of LSG disturbance took into account both paleolimnological 
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information (carbon and nitrogen isotopes and pigments) with seasonal changes in 
contemporary variables developed in Chapter 3 (carbon isotopes tracers and conductivity). 
However, it is possible that with very high sedimentation rates from increased LSG 
disturbance that the sediment record may become too disturbed to get a clear record and 
paleolimnological methods may be ineffective at providing answers. Further testing is needed 
to assess whether these trends hold true for ponds with a range of LSG disturbance. 
Additionally, Chapters 3 and 4 only looked at one and two LSG disturbed ponds, 
respectively, and further testing is needed to determine whether these patterns are accurate at 
a larger scale (elaborated on in section 6.2). It was also identified that changes in 
contemporary variables due to waterfowl disturbance were best identified when seasonal 
patterns were assessed. However, due to logistical constraints, it may not always be possible 
to sample seasonally, which could make the identification of changes and the use of the 
patterns described in Chapter 3 and 4 more difficult and could run the risk of over-
simplifying pond processes. But, with further testing, it may be possible to sample only mid-
summer for carbon isotopes tracers and conductivity to screen for waterfowl disturbance 
against the patterns and templates already developed. These methods may also be useful in 
other Arctic and Subarctic landscapes that are facing the dual effects of climate warming and 
expanding waterfowl populations. However, patterns may not be directly transferable in 
other locations if key characteristics of the WAP ponds, such as the benthic mat, are not also 
observed.  
Results from Chapter 5 illustrated that the incorporation of floodplain lake sediments 
and information on paleohydrology in pollutant studies in delta environments offers great 
potential for accurately examining contaminant deposition over time to address questions and 
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concerns regarding industrial development. However, Chapter 5 is based on only one lake 
which is within a large geographic region and riverine system. Further studies should be 
conducted to confirm trends and should use lakes with a broad range of hydrological 
conditions (see section 6.2). Additionally, identifying the relationship between grain size and 
metal concentration with flood conditions was important for accurate conclusions in this 
study, but the relationship could vary between different delta systems. This emphasizes the 
need for the addition of comprehensive paleohydrological reconstructions in contaminant 
studies.   
 
Addressing Community Concerns and Research Needs  
Research reported in the ‘data chapters’ of this thesis was stimulated by the 
information needs and concerns expressed by local communities and agencies (e.g., Parks 
Canada, Government of NWT) to assess effects of various stressors on northern freshwater 
ecosystems. By characterizing the pre-disturbance conditions and assessing the effects of 
stressors, as described above, these issues in each of the landscapes were addressed. In the 
OCF, the study was designed to address growing concerns of the Vuntut Gwitchin First 
Nation and the research needs of Parks Canada. The local community was worried that the 
observed and perceived climate-driven hydrological changes, such as widespread lake-level 
declines, would increasingly threaten sustainability of wildlife populations and traditional use 
of the landscape. Many of the concerns were documented in the ABEK Co-op (2007) report, 
including that “The water in the rivers is low. Everything is drying up”; “I see a lot of 
landslides and a lot of lakes drying up”, and “The land is drying and the permafrost is 
melting fast” (Old Crow Citizens, ABEK Co-op, 2007; 2008). Additionally, Parks Canada 
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mandate states that Vuntut National Park’s landscape, located in the OCF, needs to be 
maintained as a natural system, with assessments of the ecological integrity and how it is 
changing conducted on a regular basis and reported at least every 10 years in the State of the 
Park Report (Parks Canada, 2007). In the 2009 Vuntut National Park State of the Park 
Report, the wetland complex and freshwater of the park were given a good ecological 
integrity rating, but it was noted that there was a need for improved monitoring methods and 
long-term data records to assess change (Vuntut National Park Monitoring Plan, 2010). Both 
Parks Canada and the VGFN have realized that long-term data are required to answer the 
necessary questions for understanding the OCF as a whole natural system, and for preserving 
traditional lifestyle of the community. Although community members of the OCF region 
have reported that the landscape is ‘drying’, the observed water-level declines could have 
been a result of thermokarst expansion-drainage cycles or lake-desiccation, both of which 
may be increasing in frequency due to recent warming, but would have different 
consequences for the community and landscape as a whole. As described above, remote 
sensing images have been the most common tool for investigating water-level declines in the 
North, but these images provide the community and local resource managers only with 
evidence of which lakes have changed in surface area, not how, when or why the changes 
occurred. By using the combination of aerial images and paleolimnological methods a 
comprehensive long-term perspective of lake changes was developed as well as templates for 
future studies. This information was required to address community concerns and Parks 
Canada’s needs as it identified long-term changes and that lake-drainage, not lake-
desiccation, was the cause of the apparent water-level decline at Lake OCF 48. This 
information can now be used by the Vuntut Gwitchin First Nation, Parks Canada and other 
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natural resource managers to inform and ensure effective long-term monitoring programs that 
assess changes in the ecological integrity of the landscape.  
Within WNP there has been little research conducted on the ecologically important 
lakes and ponds. Similarly to Vuntut National Park, Parks Canada's national mandate governs 
WNP and the landscape needs to be maintained as a natural system with regular monitoring 
of ecological integrity. Yet, as of the 2011 State of the Park Report for WNP, the freshwater 
ecosystem had not been included, did not have a systematic and effective monitoring 
program and was not assessed for ecological integrity and changes. Additionally, within the 
2011 State of the Park Report it was identified that “because of the considerable variability in 
water conditions, and the lack of historical data, it is not currently possible to establish 
thresholds or trends” (State of the Park Report, 2011). These data are especially important to 
Parks Canada as the park is under increasing pressure from climate warming and the rapid 
LSG population expansion which may cause limnological thresholds to be crossed. And, as 
discussed in the report, long-term data are needed to understand the current state of the lakes 
and ponds in response to these stressors. By combining contemporary and paleolimnological 
analyses, this thesis was able to address this need and develop the necessary temporal 
perspective for identifying limnological regime shifts for ponds in the coastal fen area of the 
park. However, in order to accurately understand the effects of stressors and determine the 
current ecological state of the ponds, data in addition to the conventional limnological and 
paleolimnological tracers (as described above) were required. Overall, this thesis addressed 
research needs in the coastal fen area of the park by identifying long-term trends and the 
effects of stressors. Recommendations were also made to Parks Canada on the best 
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approaches to be used in the very much needed freshwater monitoring programs for WNP 
(elaborated on in section 6.2). 
Concerns have also increased regarding the potential effects of upstream industrial 
development on environmental and human health in the SRD. In response to increasing 
community concerns, the Slave River and Delta Partnership, a multi-stakeholder group, was 
created to ensure that the local community’s voices were heard and that they had a role in 
guiding research directions and monitoring programs. This group identified that the key 
community concern and research priority was to assess the environmental conditions of the 
Slave River and SRD. In particular community members were concerned that the Alberta oil 
sands development was affecting water quality by adding contaminants, reducing river flows 
by removing water during the extraction processes, harming the aquatic ecosystem by 
increasing rates of fish abnormalities and negatively influencing human health by causing 
increased cancer rates (Wesche 2007; 2009; SRDP Workshop, 2011). These concerns 
prompted the study of Lake SD2 as part of the Slave River and Delta Partnership project to 
assess for heavy metal pollution from the Alberta oil sands. An important aspect of this 
project was developing a long-term record (pre-oil sands) of natural variability with which 
current conditions could be compared. By combining sediment records of past contaminant 
deposition and paleohydrology, this study was able to directly address community needs by 
assessing for pollution in lake sediments from the Alberta oil sands and other industrial 
developments. Since fluvial transport of pollutants from the oil sands was not detected at 
Lake SD2 it was concluded that for now community concerns should be low. In fact upon 
further assessment it appeared that many metals in SD2 sediments may be derived from a 
source other than the Athabasca River. However, there were unusually high concentrations of 
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As in the 1950s with highest concentrations above the Probable Effects Level (CCME, 
2014). The timing of the increased As concentrations corresponds to the known time of 
substantial atmospheric emissions from gold smelting at Giant Mine. This suggests far-field 
atmospheric pollution from Giant Mine at much farther distances than previously 
documented, which may be of concern to the local SRD community. Another important 
concern of the local community was that there is insufficient monitoring being conducted at 
the Alberta oil sands to continuously ensure that pollution is not being transported 
downstream to the SRD. Although, the community may not be able to directly change the 
monitoring program at the Alberta oil sands, this study has provided the community and local 
resource managers with a template for which they can conduct their own sampling to ensure 
metal concentrations do not become elevated in the future. The pre-1967 high flood-
frequency normalized metal-Li baselines from the study can be compared to new sediment 
samples from the Slave River or SD2 during high flood periods. This will allow continuous 
monitoring of pollution transported by the Slave River. The low-flood frequency normalized 
metal-Li baselines from this study can be compared to sediment samples from SD2 collected 
during low flood periods against. This will allow for continuous monitoring of atmospheric 
pollution or catchment in-wash of pollutants.  
 
 
6.2 Recommendations for Ongoing and Future Studies 
 
Old Crow Flats 
 Based on paleolimnological analyses and aerial images from the OCF, Chapter 2 was 
able to identify lake drainage as the cause of a water-level decline in OCF 48. However, the 
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OCF is a vast heterogeneous landscape with lakes that span broad hydrological gradients 
(Turner et al., 2010; 2014). Thus, information is needed to determine whether the knowledge 
gained from analyses at Lake OCF 48 is representative of other lakes in the OCF, including 
lakes with different modern-day hydrological conditions. OCF 48 has previously been 
classified as a lake that oscillates between snowmelt- and rainfall-dominated hydrological 
categories (Turner et al., 2010), but other lakes exist solely in each of these groups as well as 
in an evaporation-dominated category (Turner et al., 2010). Consequently, it is important to 
test whether lake-drainage is the cause of the apparent wide-spread water-level declines in 
lakes from all hydrological categories (rainfall-, snowmelt- or evaporation-dominated), or if 
the cause of previous water-level declines is related to the modern day hydrological 
conditions. This is particularly important as there will be different consequences for the 
environment and community depending on whether lake-drainage or lake-evaporation is the 
dominant cause of the wide-spread declines. 
To date, the template established in Chapter 2 (Figure 6.1) has been used to assess for 
water-level declines due to lake-drainage or lake-expansion in six other lakes in the OCF 
which span a larger hydrologic gradient (Shaker, 2011; Tondu, 2012; Turner, 2013). Lake 
expansion and drainage cycles were identified for each of the six lakes, but with variable 
timing. This suggests that each lake has different threshold levels that trigger drainage and 
independent factors or catchment characteristics (e.g., vegetation) that control the timing and 
length of each phase. Research by Turner et al. (2014) has also since shown the importance 
of catchment vegetation in the contemporary hydrology of OCF lakes, thus this factor may in 
fact play an important role in determining which lakes follow the expansion-drainage 
template versus which follow the evaporation template, and the timing of these events. 
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Collecting information from a larger number of lakes spanning the OCF using the quick LOI 
method would be an efficient and useful way to establish the potential dominance of lake 
expansion-drainage cycles in the landscape. Records from additional lakes would allow the 
refinement of baselines developed in this thesis (i.e., length of cycles, or frequency of 
drainage). Aerial images could also be combined with these studies to help identify lakes that 
have experienced a water-level decline and narrow down the time frame needed for 
paleolimnological studies. 
 
Hudson Bay Lowlands 
Given that Chapter 3 and Chapter 4 focused on only one and two LSG-disturbed 
ponds, respectively, it is important to test the results and the suggested protocols from this 
thesis on a larger data set with more LSG-disturbed ponds and over multiple years with 
different meteorological conditions. Using the results of Chapter 3 and Chapter 4, I worked 
with Parks Canada to help design a monitoring program for summers 2014 and 2015 that 
would help refine approaches with a larger dataset. While setting up this monitoring program 
in June 2014, the field team spoke with Rocky Rockwell, a waterfowl biologist and LSG 
expert, about the LSG population expansion. He informed us that in addition to the areas 
actively used and disturbed by LSG, where LSG disturbed ponds from Chapter 3 and 4 were 
located, there is an area within the coastal fen that has been so severely degraded that it has 
been depleted of vegetation to the point of abandonment by the LSG (Figure 6.4). Taking this 
information into account, I helped to select 15 new ponds for Parks Canada in June 2014 to 
track the effects of LSG disturbance and test and refine approaches recommended in this 
thesis (Figure 6.5). We selected five new non-disturbed ponds to act as controls, five actively 
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LSG disturbed ponds that had a similar visual state to WAP 20 and WAP 21 and five 
severely disturbed ponds from the area identified by Rocky Rockwell. These severely 
degraded ponds were added to see if the suggested protocols were also effective in this new 
class of ponds. Additionally, it would help identify if there is any evidence of recovery to, or 
towards the pre-disturbance state after the LSG left, or if recovery to this point has been non-
existent. Data from this thesis and the 15 new ponds will help test and refine approaches that 
are planned to be implemented in a new study of ~30 LSG disturbed ponds in July 2015. For 
this ongoing monitoring program, a suite of key indicators and pond responses that most 
effectively tracked the effects of the LSG population expansion and disturbance in Chapters 
3 and 4 were recommended to Parks Canada (Table 6.1). Emphasis was placed on carbon 
isotope measurements (δ13CDIC and Δ
13
CDIC-POM), as they were far more informative than the 
standard limnological variables in capturing differences in between the disturbed and non-
disturbed ponds. With ongoing monitoring by Parks Canada, results will continue to help 
refine approaches and track the effect of stressors on ponds in WNP. These tools may also be 
applicable in other northern wetlands facing the stress of waterfowl population expansion. 
Tracking the effects of waterfowl disturbance on carbon cycling in the North is particularly 
important as these northern wetlands play influential roles in the carbon cycle, and if LSG 
disturbance in WNP and waterfowl disturbance in other locations continues to grow, there 
may be potential for large-scale shifts in the carbon cycle and balance. 
With continued climate warming, WNP is likely to become increasingly dynamic, 
which may lead to altered carbon behaviour in this landscape in addition to changes from 
LSG disturbance in the coastal fen. WNP spans additional vegetation zones (interior peat 
plateau palsa bog and boreal spruce forest) and lies in regions of both continuous and 
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discontinuous permafrost (Rouse, 1991). Permafrost is a large carbon store and concerns 
exist with the effects of continued climate change on permafrost thaw and the consequences 
of this to the carbon budget (Schuur et al., 2008; Zimov et al., 2008). Additionally, increased 
thermokarst activity as a result of climate warming may influence carbon dynamics through 
the transfer of terrestrial carbon to aquatic systems by peat erosion and pond expansion 
(Kling et al., 1991; 1992; McGuire et al., 2009). Also, increased wetness or dryness of the 
landscape could occur through pond expansion or pond drainage and desiccation, resulting in 
increased CH4 and CO2 emissions, respectively (Edwards et al., 2009; McGuire et al., 2009; 
van Huissteden et al., 2011). Chapter 3 and 4 of this thesis have indicated that carbon cycling 
of ponds is sensitive to LSG disturbance and it would stand to reason that throughout a 
broad, dynamic park like WNP, there may also be changes in carbon behaviour spatially and 
in response to different stressors. As carbon cycling is a very important aspect of northern 
wetlands, future studies should focus on identifying the controls on carbon pathways in WNP 
ponds at a landscape scale. 
 To identify controls on carbon pathways in WNP ponds, repeated measurements of 
the carbon isotope composition of dissolved inorganic carbon (δ13CDIC), as well as a range of 
limnological parameters and water isotope compositions were collected from 36 ponds from 
the different ecozones of WNP over three years (2010-2012) to assess influence of internal 
and external factors on carbon behaviour. Preliminary results show that the ponds possessed 
a very broad range of δ13CDIC values, spanning -29.5‰ to +1.8‰, suggesting that this is a 
sensitive index of pond carbon balance. Spatial variability was substantial, and exceeded 
seasonal variability of individual ponds. Coastal fen ponds had the highest δ13CDIC values 
(range: -12.0 to +1.8‰; mean: -3.4‰), followed by the boreal spruce forest ponds (range: -
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18.5 to -2.4‰; mean: -10.8‰) and the interior peat plateau palsa bog ponds which had the 
lowest mean δ13CDIC value (-13.3‰) but spanned a considerable range (-29.5 to -0.6‰). The 
high δ13CDIC values in the coastal fen ponds can be attributed to atmospheric CO2 exchange, 
which provides a 
13
C-enriched source of carbon to the ponds. Supporting this interpretation 
are water isotope data, which indicate that these ponds tend to receive low amounts of 
snowmelt runoff and likely low supplies of soil-derived 
13
C-depleted DIC due to catchments 
with sparse tundra vegetation. Water isotope data and mid-range δ13CDIC values suggest that 
boreal spruce forest ponds receive greater snowmelt runoff and soil-derived 
13
C-depleted 
DIC from their more densely vegetated catchments, but are also likely influenced by 
productivity-driven 
13
C-enrichment. The broad range of δ13CDIC values for the interior peat 
plateau palsa bog ponds appears to be associated with variation in pond size. The large 
interior peat plateau palsa bog ponds had relatively high δ13CDIC values (range: -8.1 to -0.6‰; 
mean: -4.2‰), which were similar to coastal fen ponds and may also suggest that 
atmospheric CO2 exchange is the dominant pathway that supplies carbon to these ponds. In 
contrast, the small interior peat plateau palsa bog ponds had low δ13CDIC values (range: -29.5 
to -20.0‰; mean: -24.0‰), which can be attributed to the input of soil-derived 13C-depleted 
DIC and possibly high rates of organic matter respiration in the pond water column. These 
preliminary findings suggest that external and internal factors (e.g., catchment vegetation, 
hydrology, productivity, respiration) are drivers of carbon balance in ponds of WNP. How 
these factors respond to ongoing climate warming will have a strong influence on pond 
carbon balance.  
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Slave River Delta 
Although research presented in Chapter 5 has shown no evidence of enhanced metal 
concentrations since onset of oil sands development, studies closer to the facility have shown 
elevated deposition of metals and PAHs within an approximately 50-km radius of a central 
point where upgraders are concentrated (e.g., Kelly et al., 2009; 2010). Therefore, future 
studies are important and should focus on study sites closer to the Alberta oil sands. This 
thesis and previous research (Chapter 5, Hall et al. 2012, Wiklund et al. 2014) have identified 
that sediment records contained in floodplain lakes provide a valuable source of information 
for characterizing pre-development baseline concentrations, and assessing temporal patterns 
of change for evidence of pollution. However, this thesis also illustrated that knowledge of 
the flood history of SD2 was crucial in assessing pollution and determining important vectors 
and sources. Future studies in complex and dynamic depositional environments closer to the 
Alberta oil sands should ensure they incorporate paleohydrological information. This would 
allow researchers to quantify the relative importance of natural versus industrial supplies. 
Given that Chapter 5 focused on only one lake, SD2, it remains unknown if the 
findings from SD2 are representative of other lakes in the SRD and best represent the 
sediment quality of the Slave River. SD2 is a flood-dominated lake, but one that has not 
flooded frequently since ~2000 when development of oil sands has accelerated. 
Consequently, it would be important to sample another lake that has had more frequent and 
recent flooding to confirm that the Slave River is not an important vector for the transport of 
contaminants from the Alberta oil sands to the SRD. Additionally, given that the SRD is a 
heterogeneous and dynamic landscape with lakes that span broad hydrological categories 
(Brock et al., 2007), future studies should focus on sampling lakes in other hydrological 
177 
 
categories to confirm if the trends observed for contamination or lack thereof from the 
Alberta oil sands and Giant Mine are consistent throughout the landscape, or if they are more 
localized in origin.  
Further sampling of closed-basin or evaporation-dominated lakes would provide a 
more continuous record of atmospheric deposition of contaminants. This is particularly 
important for confirming the decline in As concentration that was observed in SD2 in the 
~1960s when the lake began to flood again. Additionally, further research is needed to map 
out the atmospheric deposition pattern of As from Giant Mine, as it has now been shown to 
be much broader than previously documented. Much work has been done close to the mine 
site around Yellowknife (NWT) (e.g., Hutchinson et al., 1982; Murdoch et al., 1989; Bright 
et al., 1996; Jackson et al., 1996; Koch et al., 2000; Andrade et al., 2010; Bromstad, 2011), 
but results presented in Chapter 5 suggest pollution was much more widespread, potentially 
even reaching as far south as the PAD. Sediment cores from closed-basin lakes across large 
transects from Giant Mine would provide a continuous record of atmospheric metal 
deposition and should be targeted for these studies. Surface sediment sample surveys from a 
large number of lakes spanning a wide spatial scale are also important for confirming that As 
has stayed buried in lakes and is not leaching out of soils and causing new contamination 
concerns. 
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6.3 Figures
 
Figure 6.1: Expected sedimentary organic matter content (%) profiles from paleolimnological 
analysis of lakes experiencing surface area changes from (a) accelerated thermokarst 
expansion-drainage cycles, and from (b) increased evaporation (from MacDonald et al. 
2012).  
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Figure 6.2: Expected seasonal trajectory profiles for nutrients, carbon isotope composition of 
dissolved inorganic carbon and conductivity for lakes experiencing no disturbance from the 
LSG population (left side) and lakes that are influenced by LSG disturbed (right side). 
Dashed lines represent multiple scenarios that could result depending on the severity of LSG 
disturbance. Image made by Pieter Aukes.  
180 
 
 
Figure 6.3: Representation of three step approach to assess future pollution in SD2. Left 
panel shows the establishment of baseline conditions from pre-industrial high flood 
frequency samples. Centre panel shows the comparison of post-industrial data with the 
established baseline. Right panel shows the time series that can be used for ongoing risk 
assessments in the Slave River Delta. Dashed lines represent the 95% prediction intervals 
based on pre-industrial conditions (left and centre) and the linear extrapolation of the widest 
95% prediction interval from pre-industrial conditions (right). Samples that plot within the 
95% prediction intervals (centre and right panels) can be interpreted as being within the 
range of natural variability for the contaminant. In contrast, if >2.5% of post-industrial 
samples plot above the upper 95% prediction interval, the metal concentration is elevated 
above baseline possibly due to pollution from human activities.   
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Figure 6.4: Photo showing a severely degraded pond, with largely absent vegetation and 
exposed soils used in the 2014-2015 LSG monitoring program by Parks Canada.  
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Figure 6.5: Map showing the locations of 15 new ponds used in the 2014-2015 LSG 
monitoring program by Parks Canada. Map was created by James Telford.  
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6.4 Tables  
 
Table 6.1: The most sensitive limnological parameters that have been recommended to Parks 
Canada for monitoring the ongoing effects of LSG disturbance in Wapusk National Park. 
These indicators can all be used to track lake water chemistry responses to Lesser Snow 
Goose disturbance.  
Variables 
Purpose of 
Sampling 
Basic Interpretations 
 
Nutrient Concentrations: Total 
Kjeldahl Nitrogen (TKN), Total 
Phosphorus (TP) 
Determine lake 
nutrient balance 
Change in nutrient availability may 
indicate LSG disturbance.  
pH 
Determine lake 
productivity 
High and/or stable midsummer 
values may indicate increased 
productivity from LSG disturbance 
Conductivity 
Determine lake 
catchment 
erosion  
High values may indicate increased 
erosional inputs from LSG 
disturbance 
Dissolved Inorganic Carbon 
Concentration (DIC) 
Determine lake 
carbon balance 
Similar values between spring and 
midsummer may indicate increase in 
C demand 
Carbon Isotope Composition of 
Dissolved Inorganic Carbon 
(δ13CDIC) 
Determine lake 
carbon balance 
Decrease in values between spring 
and midsummer may indicate 
increase in C demand 
Carbon Isotope Fractionation 
Factor (Δ13CDIC-POM) 
Determine lake 
carbon balance 
Decrease in values between spring 
and midsummer may indicate 
increase in C demand 
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Appendix A – Chapter 2 
 
Table A1: Geochemical data from the core from OCF 48. 
Depth 
(cm) 
CRS 
Year 
Organic 
Matter 
(%) 
Mineral 
Matter (%) 
CaCO3 
(%) 
Sed Rate  
(g/cm
2
/yr) 
Corg 
(%) N (%) C/N 
δ13Corg 
(‰VPDB) 
δ15N  
(‰ AIR) 
Cellulose δ18Olw 
(‰VSMOW) 
0 2007.2 17.48 76.07 14.66 0.25 8.13 0.91 8.91 -22.99 2.35 -18.76 
0.5 2007 15.04 77.73 16.43 0.31 7.91 0.88 8.97 -23.98 2.53 -22.83 
1 2006.7 16.63 78.08 12.01 0.41 7.69 0.86 8.95 -23.00 2.63 -22.01 
1.5 2006.5 16.29 76.79 15.73 0.31 7.76 0.86 9.06 -23.04 2.73 -20.30 
2 2006.2 16.03 77.91 13.78 0.25 7.64 0.84 9.05 -23.13 2.95 -17.28 
2.5 2005.9 16.72 76.28 15.91 0.25 8.10 0.89 9.09 -22.57 2.85 -19.72 
3 2005.6 16.26 76.96 15.41 0.24 8.39 0.92 9.15 -22.57 2.92 -24.57 
3.5 2005.2 17.61 76.42 13.55 0.26 7.79 0.84 9.26 -22.83 2.84 -20.67 
4 2004.5 16.00 77.03 15.85 0.28 7.68 0.84 9.11 -22.69 3.02 -22.20 
4.5 2004.1 15.12 81.30 8.14 0.19 7.48 0.82 9.17 -23.08 2.99 -22.06 
5 2003.2 15.15 78.53 14.36 0.21 7.63 0.84 9.10 -22.94 2.98 -18.89 
5.5 2002.1 17.18 77.03 13.15 0.16 7.46 0.81 9.16 -23.02 3.18 -22.70 
6 2001.1 16.37 77.04 14.97 0.21 7.85 0.85 9.23 -22.72 2.89 -21.70 
6.5 2000.3 16.53 77.04 14.60 0.19 7.09 0.75 9.39 -23.28 3.00 -22.46 
7 1999.3 14.53 80.47 11.36 0.21 7.48 0.79 9.44 -23.27 3.05 -19.99 
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7.5 1998.2 15.96 79.13 11.15 0.19 7.31 0.80 9.17 -23.79 3.47 -21.92 
8 1997.1 17.01 78.91 9.25 0.18 6.99 0.76 9.24 -24.18 3.26 -22.00 
8.5 1995.8 14.74 80.15 11.62 0.20 7.08 0.76 9.36 -24.50 3.39 -21.01 
9 1994.7 16.19 78.72 11.56 0.23 7.15 0.78 9.18 -24.52 3.13 -20.07 
9.5 1993.7 15.70 79.72 10.41 0.27 6.62 0.71 9.37 -25.27 3.30 -21.32 
10 1992.8 14.99 80.38 10.53 0.33 6.40 0.68 9.44 -25.37 3.06 -20.27 
10.5 1992.2 13.27 84.41 5.29 0.31 5.83 0.60 9.61 -26.34 3.49 -22.02 
11 1991.4 12.59 84.09 7.55 0.28 5.08 0.51 9.91 -26.56 3.48 -21.04 
11.5 1990.5 14.01 83.69 5.23 0.38 5.09 0.50 10.20 -26.68 3.65 -19.29 
12 1989.9 13.67 83.85 5.63 0.60 4.74 0.45 10.54 -26.88 3.52 -19.27 
12.5 1989.5 10.23 86.73 6.90 0.36 3.80 0.38 10.10 -26.77 3.44 -18.63 
13 1988.6 10.30 87.32 5.41 0.25 4.31 0.42 10.16 -26.31 3.40 -21.40 
13.5 1986.9 11.02 86.42 5.81 0.22 4.83 0.47 10.34 -26.34 3.76 -19.76 
14 1985.6 11.94 84.82 7.38 0.20 4.84 0.46 10.49 -26.33 3.83 -21.36 
14.5 1984.1 12.17 84.97 6.50 0.21 4.62 0.46 10.14 -26.52 4.00 -20.94 
15 1982.7 11.47 85.99 5.78 0.21 4.25 0.41 10.38 -26.56 3.98 -18.90 
15.5 1981.5 12.21 85.83 4.45 0.22 4.70 0.46 10.15 -26.38 3.76 -21.36 
16 1980.6 11.98 85.19 6.43 0.23 4.96 0.48 10.39 -25.96 3.80 -18.53 
16.5 1979.6 11.25 85.53 7.32 0.20 4.89 0.47 10.42 -25.60 3.73 -17.80 
17 1978.4 11.13 86.48 5.42 0.17 5.01 0.49 10.26 -25.46 3.86 -20.51 
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17.5 1976.7 11.63 85.27 7.05 0.15 4.89 0.47 10.51 -25.10 3.63 -21.04 
18 1975.4 11.52 86.14 5.31 0.13 4.73 0.46 10.28 -25.51 3.81 -19.47 
18.5 1973.8 12.12 85.65 5.08 0.18 4.60 0.44 10.41 -25.49 3.97 -20.62 
19 1972.4 10.91 86.65 5.54 0.31 4.96 0.48 10.33 -25.33 3.85 -22.02 
19.5 1971.6 12.22 85.35 5.51 0.31 5.90 0.57 10.30 -24.36 3.75 -19.42 
20 1970.8 12.63 84.49 6.54 0.32 5.96 0.58 10.25 -23.99 3.46 -19.71 
20.5 1970.3 12.67 84.46 6.54 0.38 6.16 0.62 10.00 -24.84 3.46 -19.37 
21 1969.8 14.14 83.41 5.56 0.47 6.25 0.63 10.00 -24.01 3.33 -20.16 
21.5 1969.3 14.44 83.09 5.62 0.62 6.57 0.65 10.07 -23.55 3.18 -19.94 
22 1969 12.87 83.62 7.98 0.94 6.64 0.66 10.12 -23.17 3.13 -17.84 
22.5 1968.9 13.20 83.79 6.84 0.46 7.00 0.69 10.07 -23.16 3.17 -19.05 
23 1968.4 14.42 82.42 7.18 0.30 7.09 0.69 10.33 -22.56 3.25 -16.54 
23.5 1967.9 14.65 82.55 6.38 0.32 7.05 0.67 10.45 -22.30 3.11 -20.31 
24 1967.3 14.49 82.33 7.22 0.34 8.01 0.75 10.68 -21.29 2.65 -18.05 
24.5 1966.8 15.03 81.76 7.31 0.39 8.09 0.77 10.54 -21.43 2.62 -20.49 
25 1966.4 16.14 80.24 8.23 0.44 8.31 0.78 10.65 -20.98 2.65 -20.76 
25.5 1965.9 16.50 80.34 7.18 0.51 8.40 0.79 10.63 -21.13 2.65 -21.72 
26 1965.6 14.77 81.87 7.65 0.60 7.95 0.76 10.53 -21.39 2.56 -19.51 
26.5 1965.2 16.41 80.61 6.77 0.46 8.47 0.79 10.69 -20.98 2.58 -19.75 
27 1964.8 14.96 81.68 7.63 0.38 7.69 0.73 10.49 -20.77 2.63 -20.09 
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27.5 1964.3 15.67 81.15 7.23 0.31 7.84 0.75 10.42 -20.95 2.63 -19.70 
28 1963.6 16.20 80.85 6.71 0.27 7.83 0.75 10.47 -20.58 2.43 -21.36 
28.5 1962.8 16.50 80.87 5.98 0.30 7.94 0.76 10.48 -20.86 2.71 -19.05 
29 1962.1 16.49 80.62 6.56 0.35 7.65 0.73 10.51 -20.32 2.46 -21.17 
29.5 1961.5 15.17 81.50 7.58 0.42 7.63 0.73 10.50 -20.22 2.36 -21.59 
30 1961 16.03 80.88 7.02 0.53 7.71 0.74 10.42 -20.36 2.52 -21.18 
30.5 1960.5 15.59 80.92 7.93 0.49 7.63 0.73 10.49 -20.46 2.47 -21.45 
31 1960.1 15.13 81.86 6.83 0.44 7.53 0.72 10.44 -20.19 2.43 -23.55 
31.5 1959.5 13.60 83.23 7.20 0.41 7.01 0.68 10.29 -20.29 2.48 -19.06 
32 1958.7 14.68 82.20 7.07 0.37 7.16 0.69 10.33 -20.19 2.37 -21.49 
32.5 1958 15.21 81.81 6.77 0.19 7.80 0.74 10.46 -20.25 2.60 -22.06 
33 1956.8 16.32 80.67 6.84 0.13 7.54 0.72 10.44 -20.90 2.46 -21.79 
33.5 1955 15.10 81.56 7.58 0.12 7.51 0.72 10.45 -20.26 2.45 -20.90 
34 1953.1 15.05 81.49 7.86 0.11 7.61 0.73 10.48 -20.26 2.52 -21.42 
34.5 1950.5 15.24 81.15 8.19 0.10 7.32 0.71 10.26 -20.31 2.55 -22.33 
35 1948.2 15.83 81.74 5.51 0.09 7.33 0.71 10.30 -19.95 2.47 -21.80 
35.5 1945.4 15.16 82.36 5.64 0.09 7.27 0.70 10.37 -20.08 2.47 -23.17 
36 1942 15.10 82.34 5.83 0.08 7.40 0.71 10.35 -20.27 2.53 -21.75 
36.5 1938.5 15.99 81.02 6.80 0.07 7.66 0.74 10.41 -20.29 2.54 -20.16 
37 1934.5 14.49 82.75 6.27 0.07 7.13 0.69 10.33 -20.38 2.40 -23.09 
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37.5 1931 14.19 82.81 6.83 0.06 7.27 0.71 10.30 -20.04 2.40 -20.98 
38 1926.2 15.72 81.36 6.64 0.05 7.81 0.76 10.20 -20.11 2.41 -20.24 
38.5 1921 12.94 83.82 7.35 0.04 6.52 0.64 10.13 -19.99 2.53 -21.65 
39 1910.1 13.92 83.15 6.66 0.03 6.64 0.66 10.06 -20.13 2.54 -20.34 
39.5 1896.8 13.48 83.50 6.86 0.02 6.93 0.68 10.12 -20.09 2.54 -20.91 
40 1874.4 12.89 84.05 6.96 0.01 7.25 0.70 10.36 -20.28 2.53 -18.81 
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Table A2: Diatom data from the core from OCF 48. Data reported from the top of core until years where there 
were too few diatoms to enumerate. 
CRS Year 
Fragilaria  
pinnata (%) 
Epiphytic Diatom  
Taxa (%) 
2007.2 64.1075 34.7409 
2006.95 63.4483 33.5632 
2006.709 59.387 38.3142 
2006.495 68.4932 29.2237 
2006.228 66.0194 31.4563 
2005.922 62.6147 32.5688 
2005.552 71.068 26.2136 
2005.215 69.4761 28.246 
2004.545 68.8488 27.3138 
2004.145 78.2313 19.2744 
2003.199 77.1845 19.6602 
2002.13 79.6253 18.7354 
2001.11 75 23.7981 
2000.315 70.122 27.7439 
1999.302 72.8758 26.4706 
1998.162 70.8738 25.5663 
1997.078 75.1572 22.327 
1995.757 65.0641 30.7692 
1994.667 78.0255 19.7452 
1993.695 77.8135 18.6495 
1992.843 59.4855 39.5498 
1992.171 59.9359 35.2564 
1991.412 59.292 37.1681 
1990.532 77.1429 21.9048 
1989.937 0 0 
1989.499 0 0 
1988.562 0 0 
1986.904 0 0 
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Table A3: Pigment data from the core from OCF 48. Pigment concentrations are reported in nMol/gOM. 
CRS Year Diadinoxanthin Lutein β-carotene Canthaxanthin 
2007.2 0 86.5696 16.7909 0 
2006.7 6.0288 235.1415 18.0772 16.4334 
2006.2 10.8555 252.1352 22.703 45.5377 
2005.6 10.6123 304.6341 10.4806 35.1918 
2004.5 0 189.5897 19.9528 0 
2003.2 9.4433 333.9937 19.0608 73.7498 
2001.1 25.9627 114.7892 11.9866 51.272 
1999.3 13.7023 577.0461 0 40.2173 
1997.1 31.097 236.8758 14.5211 30.3166 
1994.7 16.968 643.0473 37.8194 48.1511 
1992.8 34.7082 267.1788 25.3889 41.5541 
1991.4 9.8379 55.6354 5.617 25.3252 
1989.9 9.8934 113.3098 2.6229 0 
1988.6 28.0725 190.1965 10.3702 0 
1986.9 0 0 0 0 
1985.6 10.0652 0 0 0 
1982.7 2.0151 0 0 20.9729 
1980.6 0 29.4369 0 15.2739 
1978.4 0 0 0 23.0772 
1975.4 18.5651 0 0 0 
1972.4 0 0 0 7.326 
1970.3 0 0 0 0 
1969.8 0 0 0 5.715 
1968.4 23.16 118.8872 0 22.5118 
1967.3 54.6802 0 0 0 
1966.4 0 228.3049 0 35.2936 
1965.6 43.7278 189.2854 13.071 46.5241 
1964.8 3.8561 85.1338 6.4484 11.1968 
1963.6 0 122.2359 9.1203 15.0359 
1962.1 18.321 238.9187 11.9926 36.6162 
1961 47.7236 284.378 0 0 
1960.1 0 278.3075 0 42.2344 
1958.7 14.6357 186.4074 14.9162 12.2993 
1956.8 6.6622 133.6582 6.7208 16.0417 
1953.1 53.5901 352.6384 15.4886 55.9087 
1948.2 2.1921 54.9554 0 0 
1942 0 212.4164 15.9971 0 
1934.5 20.6903 312.4057 6.5696 50.9883 
1926.2 42.7061 264.5836 19.8449 40.1629 
1910.1 18.2501 116.2964 5.3757 7.3023 
1874.4 0 229.629 16.4859 9.2544 
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Appendix B – Chapter 3 
 
Table B1: Contemporary hydroecological data from WAP 20 and the 15 LDCF ponds from June 2010. 
Pond 
δ18O 
(‰VSMOW) 
δ2H 
(‰VSMOW) 
Chl a 
(µg/L) pH 
TP 
(µg/L) TKN (µg/L) 
DOC 
(mg/L) 
DIC 
(mg/L) 
Alk 
(mg/L) CO2 Saturation 
WAP 1 -12.38 -99.35 1.92 9.1 4 536.2 6 11.1 39.86 0.08 
WAP 2 -11.99 -95.21 1.96 9.13 0 790.2 9.5 16.4 67.11 0.12 
WAP 4 -9.00 -81.45 2.67 9.13 8 822.2 11.9 13.2 50.64 0.09 
WAP 5 -9.44 -80.99 1.66 8.94 10 991.2 9.3 5.1 12.43 0.04 
WAP 6 -9.22 -81.35 2.85 9.4 9 2291.2 11.1 22.4 98.85 0.09 
WAP 7 -10.14 -82.89 3.58 9.4 28 633.2 4.6 8.1 21.68 0.02 
WAP 8 -10.36 -81.01 3.45 9.22 5 528.2 4.7 7.2 21.12 0.03 
WAP 9 -9.57 -78.36 1.99 9.38 0 754.2 9.1 16 61.84 0.06 
WAP 13 -12.26 -94.53 1.01 8.78 3 495.2 4.1 8.4 32.67 0.13 
WAP 14 -10.52 -85.90 1.60 8.77 0 404.2 5.7 15 68.80 0.29 
WAP 15 -10.63 -85.81 0.56 9.18 0 439.2 6.2 14.9 66.99 0.10 
WAP 16 -15.44 -118.55 2.99 9.1 4 329.2 3.5 15.3 71.43 0.13 
WAP 17 -10.59 -81.50 0.98 9.01 13 196.2 2.7 13 63.39 0.15 
WAP 18 -10.36 -82.71 1.58 9.02 1 662.2 6.2 13.5 63.34 0.15 
WAP 19 -9.49 -77.65 0.74 9.04 0 367.2 5.4 12.3 61.34 0.14 
WAP 20 -10.15 -87.56 1.05 9.15 13 1007.2 11 20.1 97.99 0.17 
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Table B2: Contemporary hydroecological data from WAP 20 and the 15 LDCF ponds from July 2010. 
Pond 
δ18O 
(‰VSMOW) 
δ2H 
(‰VSMOW) 
Chl a 
(µg/L) pH 
TP 
(µg/L) 
TKN 
(µg/L) 
DOC 
(mg/L) 
DIC 
(mg/L) 
Alk 
(mg/L) 
CO2 
Saturation 
WAP 1 -9.99 -90.19 19.80 8.55 38 2088.2 8.5 20 83.70 0.77 
WAP 2 -5.69 -67.88 17.65 7.97 44 3031.2 20.5 30.2 157.96 5.66 
WAP 4 -2.41 -56.59 2.96 8.88 69 4786.2 36.6 19.9 112.81 0.50 
WAP 5 -4.76 -63.35 0.91 8.62 9 1547.2 16 11.7 52.45 0.44 
WAP 6 -4.77 -62.44 0.51 8.52 22 2773.2 23.1 31.7 159.32 1.57 
WAP 7 -7.36 -72.76 3.27 8.27 22 1257.2 10.5 21 110.92 1.84 
WAP 8 -6.49 -70.77 13.90 8.33 48 1797.2 11.1 18 79.38 1.23 
WAP 9 -5.08 -63.98 3.38 8.44 6 2047.2 16.7 23.9 119.30 1.42 
WAP 13 -7.93 -71.56 3.46 8.58 8 823.2 7 14.1 62.06 0.49 
WAP 14 -6.19 -67.08 2.90 8.36 10 1211.2 11.1 30.6 137.92 1.85 
WAP 15 -6.91 -67.94 5.24 8.25 12 1118.2 9.1 25 115.78 2.01 
WAP 16 -7.93 -77.47 1.85 8.77 12 1106.2 8.8 18.9 99.12 0.50 
WAP 17 -6.18 -64.81 1.43 8.34 0 708.2 10.1 25.1 135.49 1.91 
WAP 18 -6.11 -64.70 1.86 8.51 0 1324.2 15 25.9 133.64 1.26 
WAP 19 -5.98 -61.18 2.88 8.65 7 1096.2 12.4 19.6 105.04 0.71 
WAP 20 -6.21 -66.70 3.22 9.03 10 2281.2 21.6 19.8 104.97 0.28 
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Table B3: Contemporary hydroecological data from WAP 20 and the 15 LDCF ponds from September 2010. 
Pond 
δ18O 
(‰VSMOW) 
δ2H 
(‰VSMOW) 
Chl a 
(µg/L) pH 
TP 
(µg/L) 
TKN 
(µg/L) 
DOC 
(mg/L) 
DIC 
(mg/L) 
Alk 
(mg/L) 
CO2 
Saturation 
WAP 1 -12.17 -94.62 2.21 7.77 
  
9.8 16.7 70.95 3.11 
WAP 2 -12.66 -99.99 3.46 7.95 13 2117.2 11.8 19.3 87.38 2.42 
WAP 4 -13.17 -100.58 0.84 8.02 0 605.2 11 12.5 49.15 1.21 
WAP 5 -12.56 -95.54 1.10 8.24 0 636.2 11.9 8 31.36 0.46 
WAP 6 -12.67 -96.14 3.13 8.27 0 1709.2 10.1 21 103.41 1.42 
WAP 7 -11.01 -86.22 4.68 8.23 1 1531.2 9.8 24.6 112.83 1.70 
WAP 8 -11.14 -89.24 7.02 8.03 30 1459.2 9.5 18.3 80.88 1.94 
WAP 9 -11.06 -89.95 1.65 8.23 0 965.2 10.2 20.4 93.26 1.41 
WAP 13 -9.87 -82.22 1.95 8.26 0 531.2 7.2 21.3 92.33 1.30 
WAP 14 -11.29 -88.71 0.69 8.1 0 641.2 9.2 31 141.72 3.07 
WAP 15 -10.31 -83.24 1.24 8.73 0 637.2 9.1 27.3 124.33 0.61 
WAP 16 -10.78 -88.61 1.10 8.82 0 483.2 5.8 24.7 109.52 0.44 
WAP 17 -11.73 -90.72 0.50 8.32 0 313.2 6.8 39.2 180.07 2.20 
WAP 18 -10.99 -87.54 2.68 8.21 0 823.2 10.2 22.7 97.25 1.54 
WAP 19 -10.56 -83.64 1.58 8.8 0 599.2 9.6 25.2 116.58 0.49 
WAP 20 -12.55 -94.49 0.74 8.39 0 690.2 13.6 25.8 118.17 1.30 
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Appendix C – Chapter 4 
 
Table C1: Geochemical data from the core from WAP 20. 
Depth 
(cm) Year 
Sed. Rate 
(g/cm2/year) 
Organic 
Matter 
(%) 
Mineral 
Matter 
(%) 
CaCO3 
(%) Corg (%) N (%) C/N 
δ13Corg 
(‰VPDB) 
δ15N  
(‰ AIR) 
0.0 2007.3 0.03 65.07 30.41 10.26 
     0.5 2007.1 0.03 66.51 28.10 12.24 33.44 4.21 7.95 -20.93 -0.25 
1.0 2005.4 0.03 66.40 28.73 11.09 
     1.5 2003.4 0.03 66.50 29.16 9.88 31.80 4.07 7.81 -20.91 -0.23 
2.0 2000.8 0.02 68.80 28.26 6.70 
     2.5 1998.7 0.02 65.92 28.92 11.72 32.09 4.11 7.82 -20.88 -0.41 
3.0 1995.2 0.02 63.64 30.00 14.46 
     3.5 1992.0 0.02 62.56 32.29 11.72 29.85 3.83 7.80 -21.55 -0.55 
4.0 1988.6 0.02 64.40 31.07 10.29 
     4.5 1983.7 0.02 53.60 40.67 13.02 27.99 3.66 7.64 -21.92 -0.58 
5.0 1978.0 0.02 56.30 37.40 14.32 
     5.5 1971.3 0.01 56.12 38.04 13.27 26.39 1.82 14.49 -22.46 -0.42 
6.0 1963.5 0.01 60.57 33.40 13.72 
     6.5 1956.6 0.01 50.95 42.98 13.79 26.28 1.77 14.83 -22.90 -0.63 
7.0 1948.6 0.01 53.58 40.55 13.34 
     7.5 1939.3 0.01 47.16 44.48 19.00 24.29 1.61 15.06 -24.00 -0.16 
8.0 1928.8 0.01 45.76 46.75 17.01 
     8.5 1917.9 0.02 34.35 53.61 27.36 19.53 1.12 17.49 -25.33 -0.86 
9.0 1904.6 0.02 21.45 62.37 36.76 
     9.5 1884.3 0.01 18.30 63.94 40.36 12.61 0.65 19.54 -22.14 0.08 
10.0 1859.7 
 
17.57 63.69 42.59 
     10.5 1837.7 
 
18.23 63.54 41.43 11.90 0.56 21.16 -21.20 -0.34 
11.0 1807.8 
 
13.14 67.39 44.24 
     11.5 1776.3 
 
12.51 68.22 43.79 10.35 0.39 26.32 -21.47 -0.21 
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Table C2: Biological data from the core from WAP 20. 
Year 
Aphanizophyll 
(nmol/gOM) 
Chlorophyll a 
(nmol/gOM) 
Fragilaria 
pinnata (%) 
Denticula 
 kuetzingii (%) 
2007.3 97.45 94.48 
  2007.1 
  
0.00 71.67 
2005.4 89.24 69.32 
  2003.4 
  
0.00 58.33 
2000.8 61.54 29.88 
  1998.7 
  
0.00 68.67 
1995.2 65.08 31.85 
  1992.0 
  
0.00 60.67 
1988.6 70.63 31.27 
  1983.7 
  
1.67 64.67 
1978.0 67.35 35.15 
  1971.3 
  
0.33 56.67 
1963.5 165.25 34.56 
  1956.6 
  
1.00 60.00 
1948.6 197.38 40.80 
  1939.3 
  
4.33 55.33 
1928.8 65.44 30.02 
  1917.9 
  
48.67 14.67 
1904.6 194.15 43.25 
  1884.3 
  
78.67 1.33 
1859.7 0.00 24.86 
  1837.7 
  
85.00 2.33 
1807.8 0.00 30.34 
  1776.3 
  
77.33 3.00 
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Table C3: Geochemical data from the core from WAP 21. 
Depth 
(cm) Year 
Sed. Rate 
(g/cm2/year) 
Organic 
Matter 
(%) 
Organic Matter 
Flux 
(gOM/cm/yr) 
Mineral 
Matter 
(%) 
CaCO3 
(%) Corg (%) N (%) C/N 
δ13Corg 
(‰VPDB) 
δ15N  
(‰ AIR) 
0 2010.0 0.08 28.85 0.02 58.03 29.81 16.95 1.56 10.86 -24.05 0.66 
0.5 2009.8 0.08 26.36 0.02 58.17 35.15 
     1 2009.3 0.08 23.63 0.02 61.23 34.41 13.24 1.33 9.91 -24.43 0.29 
1.5 2008.8 0.09 21.54 0.02 62.50 36.28 
     2 2008.0 0.09 22.34 0.02 62.26 35.01 11.97 1.14 10.48 -23.98 -0.10 
2.5 2007.1 0.08 23.70 0.02 61.45 33.76 
     3 2006.2 0.07 29.08 0.02 57.37 30.79 14.53 1.43 10.15 -23.62 0.06 
3.5 2005.4 0.06 30.49 0.02 56.20 30.24 
     4 2004.3 0.06 35.76 0.02 52.52 26.64 18.97 1.70 11.18 -23.16 -0.81 
4.5 2003.3 0.06 32.36 0.02 55.09 28.53 
     5 2001.7 0.05 34.96 0.02 52.95 27.49 20.79 1.83 11.36 -23.08 -0.48 
5.5 2000.9 0.05 36.73 0.02 51.62 26.48 
     6 1999.3 0.05 36.56 0.02 51.80 26.45 19.99 1.79 11.18 -23.20 -0.06 
6.5 1997.9 0.05 37.65 0.02 51.79 24.00 
     7 1996.7 0.04 37.19 0.02 51.61 25.44 17.99 1.58 11.40 -23.17 -0.41 
7.5 1994.1 0.04 36.41 0.02 52.18 25.93 
     8 1992.4 0.04 43.44 0.02 46.58 22.68 22.70 1.98 11.49 -22.76 -0.13 
8.5 1991.1 0.03 46.94 0.02 44.71 18.97 
     9 1989.2 0.03 47.69 0.02 44.04 18.79 23.91 2.05 11.67 -22.59 -0.76 
9.5 1987.4 0.03 47.43 0.01 43.74 20.07 
     10 1985.5 0.03 47.16 0.01 44.13 19.80 24.74 2.06 12.03 -22.41 -0.51 
10.5 1983.6 0.02 49.44 0.01 42.75 17.74 
     11 1980.6 0.02 49.24 0.01 43.94 15.50 25.89 2.15 12.04 -22.10 -0.10 
11.5 1978.3 0.02 53.55 0.01 39.57 15.64 
     12 1975.4 0.02 48.64 0.01 43.40 18.08 26.44 2.09 12.63 -22.06 -0.37 
12.5 1972.6 0.02 49.16 0.01 42.78 18.34 
     13 1968.9 0.02 50.54 0.01 42.05 16.84 25.31 1.97 12.82 -22.18 -0.91 
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13.5 1965.6 0.02 53.40 0.01 40.00 14.99 
     14 1961.1 0.01 52.34 0.01 41.14 14.81 25.43 2.00 12.72 -22.11 -0.83 
14.5 1956.8 0.01 53.20 0.01 41.20 12.73 
     15 1953.0 0.01 54.26 0.01 39.01 15.30 27.25 2.08 13.08 -21.84 -0.47 
15.5 1947.1 0.01 57.41 0.01 37.50 11.57 
     16 1942.4 0.01 58.78 0.01 35.51 12.99 25.98 1.94 13.36 -21.91 -0.50 
16.5 1937.5 0.01 62.23 0.01 32.93 11.01 
     17 1933.2 0.01 60.18 0.01 35.24 10.40 28.11 2.13 13.21 -21.72 -0.59 
17.5 1928.2 0.01 63.79 0.01 31.68 10.29 
     18 1924.9 0.01 62.47 0.01 32.32 11.83 27.73 1.92 14.41 -21.63 -1.02 
18.5 1921.7 0.01 62.98 0.01 32.69 9.83 
     19 1917.2 0.01 63.41 0.01 32.05 10.33 29.11 2.05 14.20 -21.67 -0.38 
19.5 1912.7 0.01 61.82 0.01 32.99 11.81 29.45 2.13 13.82 -21.61 -0.11 
20 1909.7 0.01 59.03 0.01 35.71 11.94 30.81 1.99 15.45 -21.83 -0.95 
20.5 1904.9 0.01 58.20 0.01 35.25 14.90 30.75 2.03 15.13 -22.02 -0.16 
21 1901.0 0.01 59.10 0.01 34.69 14.11 31.36 1.97 15.91 -22.02 -0.80 
21.5 1896.4 0.01 56.07 0.01 37.87 13.79 32.45 1.96 16.60 -21.96 -0.82 
22 1891.6 0.01 48.07 0.00 42.94 20.43 31.68 2.21 14.31 -22.39 -0.33 
22.5 1884.5 0.01 35.60 0.00 52.48 27.08 29.78 1.95 15.26 -22.40 -0.40 
23 1878.2 0.01 45.16 0.00 44.98 22.41 31.03 2.04 15.24 -22.70 -0.62 
23.5 1872.5 0.01 44.64 0.00 46.43 20.29 27.68 1.85 14.93 -23.02 -0.50 
24 1865.2 0.01 40.03 0.00 50.14 22.35 24.53 1.77 13.83 -23.20 -0.54 
24.5 1856.0 0.00 32.91 0.00 54.73 28.09 23.04 1.51 15.27 -23.69 -0.72 
25 1852.0 0.00 40.92 0.00 47.63 26.04 24.02 1.64 14.61 -23.65 -0.47 
25.5 1845.2 
 
43.31 
 
47.27 21.40 26.25 1.61 16.26 -23.64 -0.49 
26 1838.7 
 
43.92 
 
47.64 19.20 23.45 1.60 14.68 -23.56 -0.45 
26.5 1831.7 
     
26.93 1.77 15.20 -23.61 -0.48 
27 1824.5 
 
32.86 
 
54.73 28.21 22.31 1.50 14.91 -23.69 -0.53 
27.5 1818.0 
 
41.72 
 
47.47 24.57 23.91 1.52 15.74 -23.49 -0.10 
28 1810.9 
 
37.27 
 
51.99 24.40 25.26 1.60 15.81 -23.72 -0.51 
28.5 1802.5 
 
34.82 
 
53.06 27.54 23.89 1.50 15.97 -23.77 -0.26 
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29 1795.4 
 
38.00 
 
40.89 47.98 22.34 1.43 15.68 -24.12 -0.30 
29.5 1783.3 
 
23.94 
 
60.29 35.82 20.56 1.22 16.90 -24.05 -0.58 
30 1773.1 
 
23.46 
 
60.64 36.12 18.18 1.20 15.12 -24.42 -0.21 
30.5 1762.7 
 
19.68 
 
63.50 38.24 17.34 1.25 13.87 -24.80 -0.43 
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Table C4: Biological data from the core from WAP 21. 
Year 
Aphanizophyll 
(nmol/gOM) 
Chlorophyll a 
(nmol/gOM) 
Denticula  
kuetzingii (%) 
Fragilaria 
pinnata (%) 
2010.02 604.83 489.30 17.41 52.22 
2009.31 349.44 816.93 23.87 56.77 
2007.95 433.39 684.48 21.59 47.30 
2006.19 508.50 505.12 22.98 53.42 
2004.29 464.57 483.11 22.90 56.13 
2001.70 448.01 555.49 21.67 54.49 
1999.32 409.88 501.46 22.64 59.75 
1996.65 555.24 150.52 35.02 47.63 
1992.39 799.49 634.97 30.28 54.26 
1989.18 834.70 640.52 37.46 47.94 
1985.54 899.42 682.80 46.08 47.65 
1980.64 1291.69 627.95 42.90 41.61 
1975.41 1039.06 568.29 35.37 50.16 
1968.92 1088.15 566.89 38.11 52.44 
1961.09 1041.13 465.10 40.19 52.09 
1952.96 1207.74 808.30 61.90 34.29 
1942.43 1175.98 619.70 45.60 48.86 
1933.20 1097.15 472.15 48.56 44.73 
1924.86 937.96 409.51 46.03 45.71 
1917.23 728.47 281.87 42.67 52.77 
1909.69 605.95 151.46 39.94 53.99 
1901.01 520.91 177.36 40.06 53.52 
1891.58 540.78 210.02 32.29 60.50 
1878.19 556.71 267.59 14.60 77.78 
1865.19 455.10 179.88 13.61 80.70 
1852.04 614.70 286.43 5.54 89.85 
1838.74 577.13 254.81 12.62 82.85 
1824.46 681.30 364.55 24.37 71.84 
1810.95 773.15 224.02 9.91 84.83 
1795.44 576.02 257.76 6.13 90.65 
1773.14 637.55 333.60 5.08 88.89 
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Table C5: Geochemical data from the core from WAP 12. 
Depth 
(cm) Year 
Sed. Rate 
(g/cm2/year) 
Organic 
Matter 
(%) 
Mineral 
Matter 
(%) 
CaCO3 
(%) Corg (%) N (%) C/N 
δ13Corg 
(‰VPDB) 
δ15N  
(‰ AIR) 
0 2011.74 0.03 91.94 7.42 1.47 47.10 3.24 14.56 -21.68 0.16 
0.5 2009.2 0.04 90.78 8.36 1.96 52.47 3.64 14.40 -21.70 0.16 
1 2007.7 0.01 90.41 8.12 3.35 50.86 3.51 14.49 -21.98 -0.21 
1.5 2005.7 0.03 90.84 7.63 3.47 51.95 3.52 14.76 -21.39 0.06 
2 2003.2 0.02 90.44 8.09 3.34 51.27 3.44 14.90 -21.66 -0.41 
2.5 2000.5 0.02 90.80 7.42 4.05 48.00 3.22 14.89 -21.96 -0.19 
3 1997.8 0.02 90.97 6.77 5.13 46.92 3.16 14.83 -21.80 -0.26 
3.5 1994.8 0.02 92.80 5.48 3.93 46.64 3.11 15.00 -21.94 -0.07 
4 1991.5 0.01 90.85 6.71 5.54 52.15 3.56 14.66 -22.17 -0.02 
4.5 1987.4 0.02 89.63 9.04 3.02 51.97 3.52 14.78 -22.04 0.10 
5 1982.6 0.01 90.79 7.16 4.65 52.22 3.38 15.44 -21.79 0.05 
5.5 1976 0.01 90.73 8.15 2.55 50.30 3.16 15.91 -22.15 -0.69 
6 1970 0.02 89.00 9.09 4.35 51.03 3.35 15.22 -22.52 0.04 
6.5 1967.1 0.02 89.50 8.92 3.58 50.75 3.27 15.54 -22.20 -0.19 
7 1964.7 0.02 89.98 8.39 3.71 51.49 3.29 15.64 -22.22 -0.06 
7.5 1961.6 0.02 90.44 8.33 2.79 50.68 3.19 15.87 -22.19 0.03 
8 1958.6 0.02 90.55 7.96 3.39 37.17 2.36 15.76 -22.54 -0.08 
8.5 1956 0.02 90.15 8.00 4.20 52.20 3.14 16.60 -22.19 -0.78 
9 1953.5 0.02 90.27 8.11 3.69 52.59 3.35 15.69 -22.22 0.08 
9.5 1951.1 0.02 90.21 8.35 3.25 51.74 3.27 15.80 -22.16 -0.17 
10 1948.5 0.02 90.32 8.60 2.44 50.18 3.14 15.99 -22.16 -0.22 
10.5 1945.8 0.02 91.15 7.08 4.02 48.75 3.10 15.73 -22.49 -0.35 
11 1942.8 0.02 89.97 7.90 4.84 52.00 3.34 15.57 -22.45 0.05 
11.5 1939.5 0.01 91.39 6.82 4.05 51.93 3.38 15.35 -22.46 -0.11 
12 1936 0.02 89.95 8.42 3.71 53.10 3.38 15.73 -22.38 -0.25 
12.5 1932.2 0.01 90.78 6.63 5.89 50.43 3.21 15.71 -22.29 -0.05 
13 1928.2 0.02 90.76 7.39 4.20 48.92 3.15 15.55 -22.56 -0.02 
13.5 1924.2 0.01 90.74 8.56 1.58 49.12 3.01 16.30 -22.23 -0.04 
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14 1920.1 0.01 90.86 7.96 2.68 51.36 3.24 15.86 -21.91 0.00 
14.5 1915.5 0.01 89.62 9.11 2.88 51.41 3.21 16.00 -22.42 -0.23 
15 1911.1 0.02 90.41 8.77 1.87 50.13 3.17 15.83 -22.85 0.01 
15.5 1907 0.02 90.03 8.80 2.67 53.59 3.43 15.64 -22.68 0.28 
16 1903.5 0.02 89.92 8.82 2.86 53.24 3.39 15.69 -23.43 0.24 
16.5 1899.9 0.02 90.80 7.78 3.22 48.83 2.98 16.38 -23.71 0.11 
17 1895.7 
 
90.33 8.49 2.68 49.60 3.08 16.12 -23.70 0.07 
17.5 1891.6 
 
91.16 8.21 1.44 50.98 3.24 15.74 -23.73 0.25 
18 1887.4 
 
89.63 9.04 3.02 53.93 3.43 15.73 -23.89 0.34 
18.5 1883.1 
 
90.10 9.16 1.69 52.35 3.34 15.68 -23.70 0.28 
19 1878.6 
 
90.40 8.27 3.03 50.59 3.16 16.01 -23.92 -0.25 
19.5 1873.8 
 
89.68 8.60 3.91 51.39 3.19 16.11 -23.79 0.05 
20 1869.5 
 
86.99 10.50 5.71 53.06 3.31 16.05 -23.77 -0.10 
20.5 1865 
 
82.23 12.85 11.19 53.35 3.46 15.40 -24.39 0.48 
21 1859.3 
 
87.60 10.12 5.17 52.68 3.53 14.93 -24.66 0.21 
21.5 1854.4 
 
85.62 11.01 7.66 53.48 3.49 15.30 -25.14 -0.10 
22 1849.3 
 
87.33 9.50 7.20 53.66 3.69 14.54 -24.96 0.12 
22.5 1843.4 
 
83.75 11.90 9.88 52.69 3.51 15.01 -25.06 -0.01 
23 1837.9 
 
80.82 14.90 9.74 53.00 3.47 15.28 -25.25 0.13 
23.5 1832.3 
 
82.38 13.15 10.15 52.34 3.81 13.74 -25.58 0.31 
24 1825.9 
 
82.34 13.83 8.70 52.90 3.70 14.30 -25.70 0.38 
24.5 1819.7 
 
82.41 13.15 10.10 53.53 3.77 14.21 -25.10 0.22 
25 1812.8 
 
84.48 12.18 7.59 
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Table C6: Biological data from the core from WAP 12. 
Year 
Canthaxanthin 
(nmol/gOM) 
Chlorophyll a 
(nmol/gOM) 
Denticula kuetzingii 
(%) 
2011.74 11.54 20.67 65.79 
2007.70 16.03 15.26 69.00 
2003.20 13.64 3.44 60.80 
1997.80 10.75 8.65 68.11 
1991.50 8.06 6.94 57.48 
1982.60 8.10 6.02 64.92 
1970.00 9.80 10.29 61.97 
1964.70 10.53 10.24 68.89 
1958.60 11.13 8.78 67.88 
1953.50 6.34 9.64 68.67 
1948.50 7.81 9.07 67.43 
1942.80 9.26 12.37 71.06 
1936.00 10.93 11.68 71.33 
1928.20 12.09 13.59 73.36 
1920.10 10.81 9.42 66.78 
1911.10 10.95 2.76 64.26 
1903.50 9.17 14.07 0.00 
1895.70 11.26 12.56 0.00 
1887.40 14.35 16.72 0.00 
1878.60 8.17 12.42 0.00 
1869.50 9.71 13.18 0.00 
1859.30 7.14 7.57 0.00 
1849.30 6.04 9.00 0.00 
1837.90 6.96 11.29 0.00 
1825.90 4.65 13.57 0.00 
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Table C7: Average seasonal values (2010-2012) for limnological conditions from WAP 20, WAP 21 and WAP 
12. Values for WAP 12 do not include July 2010 as the pond desiccated. 
Lake Time 
TKN 
(µg/L) pH 
Conductivity 
(µs/cm) 
δ13CDIC 
(‰VPDB) 
δ13CPOM 
(‰VPDB) 
Δ13CDIC-POM 
(‰VPDB) 
WAP 20 June 1045.07 8.00 559.33 -3.54 -24.66 21.12 
WAP 20 July 1700.07 8.68 1106.67 -4.63 -22.67 18.04 
WAP 20 Sept. 1420.40 8.08 1152.67 -3.45 -26.16 22.71 
WAP 21 June 1452.07 7.93 907.33 -4.89 -27.25 22.36 
WAP 21 July 1931.73 8.35 1999.00 -6.18 -25.39 19.21 
WAP 21 Sept. 1388.07 8.24 1624.00 -5.77 -27.16 21.39 
WAP 12 June 1270.40 8.51 179.67 -5.56 -25.29 19.73 
WAP 12 July 3051.50 8.63 401.00 -4.09 -23.73 19.64 
WAP 12 Sept. 1051.73 8.14 352.67 -1.59 -25.22 23.63 
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Appendix D – Chapter 5 
 
Table D1: Metal concentrations (mg/kg) from the core from SD2. 1= presence of condition or influence, 0 = absence of condition or influence.  
Depth 
(cm) Year Flood Oil 
Giant 
Mine Li Sb As Be Cd Cr Cu Pb 
0 2010.8 0 1 0 17.20 0.53 12.10 0.70 0.54 22.90 25.10 12.00 
1 2009.0 0 1 0 18.90 0.58 9.76 0.72 0.59 25.50 26.60 12.90 
2 2007.1 0 1 0 17.00 0.54 9.01 0.69 0.55 21.80 24.00 12.10 
3 2005.3 0 1 0 17.30 0.58 10.90 0.70 0.53 21.70 23.80 11.90 
4 2003.4 0 1 0 18.10 0.54 9.47 0.75 0.56 23.10 24.00 12.40 
5 2001.6 0 1 0 17.70 0.57 8.70 0.70 0.53 21.10 22.70 11.50 
6 1999.8 1 1 0 14.40 0.47 6.85 0.57 0.56 19.30 19.00 9.41 
7 1997.9 0 1 0 15.50 0.51 8.45 0.60 0.55 20.40 20.50 10.40 
8 1996.1 0 1 0 11.90 0.44 7.80 0.46 0.52 16.50 16.40 8.20 
9 1994.3 1 1 0 12.60 0.45 6.00 0.56 0.53 16.70 17.00 8.84 
10 1992.4 1 1 0 13.30 0.48 6.06 0.52 0.60 17.10 19.70 9.91 
11 1990.6 1 1 0 9.70 0.39 4.63 0.37 0.45 14.80 12.60 6.99 
12 1988.8 1 1 0 11.60 0.42 5.19 0.46 0.51 16.40 15.70 8.12 
13 1986.9 1 1 0 15.90 0.55 7.39 0.60 0.59 20.40 21.40 10.70 
14 1985.1 0 1 0 19.20 0.63 10.00 0.76 0.55 23.30 24.60 12.80 
15 1983.2 0 1 0 19.30 0.65 9.77 0.74 0.57 23.90 25.10 12.70 
16 1981.4 0 1 0 17.30 0.59 10.30 0.67 0.57 21.80 23.60 12.10 
17 1979.6 0 1 0 16.10 0.55 10.10 0.64 0.57 19.40 24.10 11.80 
18 1977.7 0 1 0 17.30 0.59 9.21 0.67 0.56 21.30 24.10 12.20 
19 1975.9 0 1 0 17.20 0.56 8.04 0.65 0.57 21.80 23.40 11.60 
20 1974.1 1 1 0 16.70 0.59 7.63 0.67 0.59 22.60 22.70 11.30 
21 1972.2 0 1 0 17.50 0.59 8.50 0.70 0.58 23.30 23.60 11.90 
22 1970.4 0 1 0 15.10 0.53 8.55 0.59 0.59 22.30 22.10 10.70 
23 1968.5 1 1 0 13.50 0.52 6.10 0.53 0.54 19.00 19.50 9.54 
24 1966.7 1 0 0 14.30 0.57 6.13 0.54 0.58 19.40 21.10 10.40 
25 1964.9 1 0 0 13.10 0.51 6.97 0.51 0.57 17.70 22.10 10.40 
26 1963.0 1 0 1 13.80 0.52 6.59 0.56 0.54 18.90 20.70 9.96 
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27 1961.2 0 0 1 14.40 0.54 9.13 0.58 0.53 19.80 20.70 10.10 
28 1959.4 0 0 1 14.80 0.56 18.00 0.60 0.51 20.30 21.10 10.40 
29 1957.5 0 0 1 15.40 0.57 19.10 0.63 0.56 23.10 24.40 10.90 
30 1955.7 0 0 1 13.70 0.56 14.30 0.56 0.47 17.60 20.30 10.20 
31 1953.9 0 0 1 12.30 0.55 10.90 0.49 0.53 16.30 19.60 9.60 
32 1952.0 0 0 1 12.00 0.47 7.40 0.48 0.48 16.40 17.00 8.80 
33 1950.2 1 0 1 11.80 0.46 5.83 0.46 0.49 15.20 15.40 8.25 
34 1948.3 1 0 0 11.40 0.43 5.33 0.44 0.52 15.10 16.50 8.32 
35 1946.5 1 0 0 10.70 0.45 6.22 0.43 0.60 14.70 17.60 8.48 
36 1944.7 1 0 0 10.50 0.45 6.33 0.43 0.55 15.20 16.80 8.00 
37 1942.8 1 0 0 10.50 0.43 5.94 0.39 0.51 15.50 15.90 7.91 
38 1941.0 1 0 0 10.50 0.43 6.04 0.45 0.50 15.70 15.70 7.70 
39 1939.2 1 0 0 10.20 0.40 5.15 0.39 0.48 14.40 14.10 7.29 
40 1937.3 1 0 0 10.40 0.40 4.99 0.42 0.43 14.50 14.00 7.33 
41 1935.5 1 0 0 11.90 0.44 5.26 0.44 0.48 15.40 16.50 8.26 
42 1933.7 0 0 0 13.40 0.49 7.47 0.51 0.55 16.30 20.20 9.89 
43 1931.8 1 0 0 14.50 0.56 12.90 0.58 0.53 17.40 21.20 10.50 
44 1930.0 0 0 0 13.80 0.53 9.10 0.57 0.51 17.60 20.90 10.30 
45 1928.1 1 0 0 16.80 0.60 6.45 0.64 0.60 22.20 22.60 11.00 
46 1926.3 1 0 0 13.30 0.47 6.91 0.54 0.52 17.90 19.40 9.27 
47 1924.5 0 0 0 12.60 0.46 9.66 0.49 0.50 15.50 19.20 9.11 
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Table D1 Continued: Metal concentrations (mg/kg) from the core from SD2. 1= presence of condition or influence, 0 = absence of condition or influence.  
Depth Year Flood Oil 
Giant 
Mine Hg Ni Se Ag Tl V Zn 
0 2010.8 0 1 0 0.07 30.90 0.81 0.18 0.23 39.70 95.60 
1 2009.0 0 1 0 0.07 33.30 0.80 0.21 0.24 45.10 105.00 
2 2007.1 0 1 0 0.07 29.70 0.73 0.20 0.22 37.80 97.70 
3 2005.3 0 1 0 0.07 29.70 0.73 0.20 0.22 38.80 95.10 
4 2003.4 0 1 0 0.07 30.30 0.74 0.20 0.23 40.30 97.80 
5 2001.6 0 1 0 0.07 28.40 0.76 0.19 0.21 38.60 92.00 
6 1999.8 1 1 0 0.06 25.90 0.55 0.16 0.19 35.50 81.50 
7 1997.9 0 1 0 0.07 27.10 0.68 0.19 0.21 36.20 85.80 
8 1996.1 0 1 0 0.05 23.30 0.45 0.14 0.16 30.00 72.60 
9 1994.3 1 1 0 0.06 24.60 0.48 0.16 0.16 29.60 76.20 
10 1992.4 1 1 0 0.07 26.00 0.60 0.18 0.17 29.90 82.90 
11 1990.6 1 1 0 0.08 21.00 0.40 0.11 0.14 25.70 64.50 
12 1988.8 1 1 0 0.06 23.00 0.49 0.15 0.16 29.50 70.50 
13 1986.9 1 1 0 0.07 27.70 0.66 0.17 0.20 37.50 89.50 
14 1985.1 0 1 0 0.07 31.00 0.77 0.21 0.24 42.70 100.00 
15 1983.2 0 1 0 0.07 31.40 0.75 0.21 0.24 43.10 100.00 
16 1981.4 0 1 0 0.07 29.70 0.72 0.21 0.22 38.90 92.70 
17 1979.6 0 1 0 0.07 29.40 0.71 0.21 0.20 33.30 95.00 
18 1977.7 0 1 0 0.09 29.20 0.75 0.20 0.21 37.60 93.20 
19 1975.9 0 1 0 0.07 29.10 0.67 0.20 0.22 38.80 93.60 
20 1974.1 1 1 0 0.07 29.30 0.64 0.19 0.20 38.50 94.40 
21 1972.2 0 1 0 0.07 29.80 0.66 0.20 0.22 39.60 95.70 
22 1970.4 0 1 0 0.07 28.70 0.65 0.19 0.20 37.70 91.60 
23 1968.5 1 1 0 0.07 26.00 0.54 0.18 0.18 31.60 81.60 
24 1966.7 1 0 0 0.07 27.20 0.62 0.20 0.19 32.50 86.40 
25 1964.9 1 0 0 0.07 28.30 0.58 0.19 0.17 28.30 89.40 
26 1963.0 1 0 1 0.07 27.10 0.53 0.18 0.18 30.70 87.20 
27 1961.2 0 0 1 0.07 27.30 0.59 0.18 0.19 33.50 85.20 
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28 1959.4 0 0 1 0.07 26.70 0.77 0.17 0.19 35.60 82.70 
29 1957.5 0 0 1 0.06 30.40 0.76 0.17 0.20 40.40 95.10 
30 1955.7 0 0 1 0.06 25.80 0.62 0.16 0.18 30.10 80.10 
31 1953.9 0 0 1 0.06 26.80 0.58 0.15 0.18 27.20 80.90 
32 1952.0 0 0 1 0.05 24.80 0.51 0.14 0.17 28.30 74.00 
33 1950.2 1 0 1 0.06 22.60 0.53 0.13 0.16 26.60 68.30 
34 1948.3 1 0 0 0.06 23.50 0.46 0.14 0.16 26.70 72.70 
35 1946.5 1 0 0 0.06 24.50 0.51 0.16 0.15 25.20 74.50 
36 1944.7 1 0 0 0.06 22.90 0.49 0.14 0.15 26.50 71.00 
37 1942.8 1 0 0 0.06 23.10 0.48 0.14 0.15 27.50 71.30 
38 1941.0 1 0 0 0.06 23.00 0.47 0.13 0.15 28.00 68.90 
39 1939.2 1 0 0 0.05 21.30 0.46 0.13 0.14 25.60 64.20 
40 1937.3 1 0 0 0.05 21.60 0.40 0.12 0.14 25.20 66.40 
41 1935.5 1 0 0 0.06 23.40 0.48 0.16 0.15 25.50 73.20 
42 1933.7 0 0 0 0.07 26.40 0.62 0.19 0.17 27.20 85.60 
43 1931.8 1 0 0 0.06 26.60 0.66 0.18 0.19 29.60 85.40 
44 1930.0 0 0 0 0.07 26.50 0.61 0.18 0.18 29.80 85.80 
45 1928.1 1 0 0 0.07 29.90 0.65 0.20 0.21 38.30 95.00 
46 1926.3 1 0 0 0.07 25.60 0.54 0.17 0.17 30.10 79.10 
47 1924.5 0 0 0 0.06 23.90 0.59 0.16 0.17 26.70 77.40 
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Table D2: 95% Prediction Interval concentrations (mg/kg) for metal-Li relations based on pre-1967 flood samples for use in future monitoring studies from 
the core from SD2. PIL is the lower 95% prediction interval for the associated Li concentration, PIU is the upper 95% predication interval for the associated 
Li concentration. 
Li 
As 
95%PIL 
As 
95%PIU 
Sb 
95%PIL 
Sb 
95%PIU 
Be 
95%PIL 
Be 
95%PIU 
Cd 
95%PIL 
Cd 
95%PIU 
Cr 
95%PIL 
Cr 
95%PIU 
14.3 3.3879 11.375 0.4874 0.5855 0.5132 0.6015 0.4586 0.6462 18.8191 17.0438 
13.1 2.9682 10.7285 0.4527 0.548 0.4701 0.5558 0.4455 0.6277 17.53 15.8051 
13.8 3.224 11.0946 0.4731 0.5698 0.4954 0.5823 0.4534 0.6382 18.282 16.5326 
11.8 2.4083 10.1336 0.4138 0.5087 0.4221 0.5075 0.4288 0.6102 16.1335 14.4164 
11.4 2.2135 9.973 0.4015 0.4969 0.4071 0.4928 0.4232 0.6054 15.7038 13.9791 
10.7 1.8477 9.717 0.3798 0.4765 0.3806 0.4675 0.4127 0.5975 14.9518 13.2027 
10.5 1.7375 9.6495 0.3735 0.4707 0.373 0.4604 0.4096 0.5953 14.737 12.9784 
10.5 1.7375 9.6495 0.3735 0.4707 0.373 0.4604 0.4096 0.5953 14.737 12.9784 
10.5 1.7375 9.6495 0.3735 0.4707 0.373 0.4604 0.4096 0.5953 14.737 12.9784 
10.2 1.5675 9.5529 0.364 0.4621 0.3615 0.4497 0.4048 0.5923 14.4147 12.6398 
10.4 1.6814 9.6167 0.3704 0.4678 0.3691 0.4568 0.408 0.5943 14.6296 12.8658 
11.9 2.4553 10.1754 0.4168 0.5117 0.4259 0.5111 0.4302 0.6115 16.2409 14.525 
14.5 3.4492 11.4913 0.4931 0.5919 0.5203 0.6092 0.4606 0.6494 19.034 17.2464 
16.8 4.0001 12.9837 0.5565 0.6669 0.6003 0.6995 0.4797 0.6907 21.5047 19.5079 
13.3 3.0445 10.8299 0.4585 0.5542 0.4773 0.5633 0.4478 0.6306 17.7449 16.0144 
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Table D2 continued: 95% Prediction Interval concentrations (mg/kg) for metal-Li relations based on pre-1967 flood samples for use in future monitoring 
studies from the core from SD2. PIL is the lower 95% prediction interval for the associated Li concentration, PIU is the upper 95% predication interval for 
the associated Li concentration. 
Li 
Cu 
95%PIL 
Cu 
95%PIU 
Pb  
95%PIL 
Pb     
95%PIU 
Hg 
95%PIL 
Hg 
95%PIU 
Ni  
95%PIL 
Ni 
95%PIU 
Se  
95%PIL 
Se 
95%PIU 
14.3 20.7035 17.5279 9.078 11.1388 0.0579 0.0758 24.6044 29.7216 0.5088 0.6772 
13.1 19.108 16.0225 8.3843 10.3866 0.0545 0.0719 23.2415 28.2135 0.4709 0.6345 
13.8 20.0387 16.9094 8.7918 10.8225 0.0565 0.0741 24.0435 29.0862 0.4933 0.6592 
11.8 17.3794 14.3079 7.6056 9.5989 0.0505 0.0679 21.6976 26.6471 0.4276 0.5904 
11.4 16.8476 13.7624 7.3602 9.3623 0.0493 0.0667 21.2081 26.1796 0.4138 0.5773 
10.7 15.9168 12.788 6.9243 8.9547 0.047 0.0647 20.3355 25.3773 0.3891 0.555 
10.5 15.6509 12.5051 6.7983 8.8398 0.0464 0.0641 20.0826 25.1518 0.3819 0.5487 
10.5 15.6509 12.5051 6.7983 8.8398 0.0464 0.0641 20.0826 25.1518 0.3819 0.5487 
10.5 15.6509 12.5051 6.7983 8.8398 0.0464 0.0641 20.0826 25.1518 0.3819 0.5487 
10.2 15.252 12.0771 6.6081 8.6685 0.0454 0.0633 19.7002 24.8164 0.3711 0.5394 
10.4 15.5179 12.3629 6.7351 8.7825 0.046 0.0638 19.9555 25.0396 0.3783 0.5456 
11.9 17.5124 14.4429 7.6665 9.6584 0.0509 0.0682 21.8189 26.7651 0.431 0.5937 
14.5 20.9695 17.772 9.1914 11.2663 0.0584 0.0765 24.826 29.9785 0.515 0.6845 
16.8 24.0276 20.4558 10.4556 12.7735 0.0644 0.0845 27.2758 33.0315 0.5823 0.7717 
13.3 19.3739 16.2785 8.5016 10.5103 0.055 0.0725 23.4727 28.4608 0.4773 0.6415 
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Table D2 continued:  95% Prediction Interval concentrations (mg/kg) for metal-Li relations based on pre-1967 flood samples for use in future monitoring 
studies from the core from SD2. PIL is the lower 95% prediction interval for the associated Li concentration, PIU is the upper 95% predication interval for 
the associated Li concentration. 
Li 
Ag 
95%PIL 
Ag  
95%PIU 
Tl 
95%PIL 
Tl  
95%PIU 
V 
95%PIL 
V  
95%PIU 
Zn 
95%PIL 
Zn  
95%PIU 
14.3 0.1521 0.214 0.1734 0.1966 28.0043 35.3893 77.0247 94.95 
13.1 0.1383 0.1985 0.1615 0.184 26.1941 33.3694 71.9489 89.3653 
13.8 0.1464 0.2075 0.1685 0.1913 27.2602 34.5376 74.9344 92.5984 
11.8 0.1226 0.1825 0.1482 0.1706 24.1357 31.2787 66.2137 83.5516 
11.4 0.1176 0.1778 0.1441 0.1666 23.4815 30.6561 64.3985 81.8132 
10.7 0.1086 0.1696 0.1368 0.1596 22.3137 29.5898 61.166 78.8271 
10.5 0.106 0.1674 0.1346 0.1576 21.9748 29.2904 60.2297 77.9866 
10.5 0.106 0.1674 0.1346 0.1576 21.9748 29.2904 60.2297 77.9866 
10.5 0.106 0.1674 0.1346 0.1576 21.9748 29.2904 60.2297 77.9866 
10.2 0.1021 0.164 0.1315 0.1546 21.4621 28.8455 58.8149 76.7363 
10.4 0.1047 0.1662 0.1336 0.1566 21.8045 29.1415 59.7595 77.5685 
11.9 0.1238 0.1837 0.1493 0.1716 24.2977 31.4358 66.6638 83.9899 
14.5 0.1543 0.2167 0.1754 0.1987 28.2981 35.7339 77.8513 95.9001 
16.8 0.1787 0.2484 0.1976 0.2237 31.5333 39.8397 87.0112 107.173 
13.3 0.1407 0.201 0.1635 0.1861 26.5017 33.7002 72.8091 90.2818 
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Table D3: Equation for metal-Li linear relation (y=mx+b) for future use in monitoring studies. 
Metal m b 
(mg/kg) 
As 1.0295 0.4442 
Sb 0.1061 0.0301 
Be 0.0279 0.037 
Cd 0.3645 0.0131 
Cr 3.4574 1.0742 
Cu 1.6897 1.3296 
Pb 1.4933 0.6025 
Hg 0.0232 0.003 
Ni 10.0564 1.1963 
Se 0.1124 0.0336 
Ag 0.0086 0.0122 
Tl 0.0386 0.0102 
V 8.8761 1.5959 
Zn 22.4684 4.4419 
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Table D4: Reported detection limits from ALS Canada Ltd for metals analyzed in the core from SD2. 
Metal Reported Detection Limit Units 
Sb 0.10 mg/kg 
As 0.050 mg/kg 
Be 0.20 mg/kg 
Cd 0.10 mg/kg 
Cr 0.50 mg/kg 
Cu 0.50 mg/kg 
Pb 0.50 mg/kg 
Hg 0.0050 mg/kg 
Ni 0.50 mg/kg 
Se 0.20 mg/kg 
Ag 0.10 mg/kg 
Tl 0.050 mg/kg 
Zn 1.0 mg/kg 
V 0.20 mg/kg 
Li 1.0 mg/kg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
